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PREFACE 


Research  on  earthquake  resistant  masonry  construction  is  currently  in  progress 
on  an  international   level.     Federal  research   laboratories  and  various  universities 
in  the  United  States,   as  well  as  their  counterparts  in  foreign  countries  are 
conducting  research  which  collectively  covers  the  many  diverse  areas  of  technical 
problems  in  masonry  construction.     Because  the  studies  are  spread  worldwide  and 
masonry  design  criteria  are  still  deficient,   there  is  a  need  to: 

1.  Review  the  deficiencies  and  establish  priorities  for  future  research. 

2.  Assess,   by  professional  consensus,   the  accomplishments  of  masonry  research  as 
it  applies  to  the  development  of  improved  or  new  design  criteria. 

3.  Assess,  by  professional  consensus,  the  accomplishments  and  scopes  of  the  various 
research  projects  and  provide  researchers  with  a  critical  review  of  their  accom- 
plishments and  plans. 

4.  Initiate  a  continuing  liaison  between  the  various  research  laboratories  and  other 
professional  groups  concerned  with  masonry  construction. 

To  accomplish  this,   a  National  Workshop  on  Earthquake  Resistant  Masonry  Construction 
was  held  at  the  National  Bureau  of  Standards  (NBS)   facility  in  Boulder,  Colorado  from 
September  13  through  September  16,   1976.     It  was  conducted  by  the  Center  for  Building 
Technology  (CBT)  of  the  National  Bureau  of  Standards  and  was  sponsored  by  the  National 
Science  Foundation  (NSF). 

The  workshop  was  conducted  on  a  basis  of  participation  by  invitation  and  consisted 
of  two  parts.     In  the  first,   researchers  who  have  been  recognized  contributors 
to  masonry  research  reported  their  achievements  and  future  plans;   also  included 
were  reports  from  invited  users  of  masonry  design  criteria  (designers,  code 
officials,  regulatory  officials,  etc.),  representatives  from  the  NBS  and  other 
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Federal  Agencies.     The  second  part   involved  the  development  of  recommendations 

by  the  participants  arranged  into  working  groups.     Each  of  the  five  working  groups 

was  assigned  the  task  of  producing  a  critical  review  of  the  research  projects 

presented  in  the  first  part,  and  a  set  of  recommendations,  relating  to  one  of 

five  designated  problem  areas  in  need  of  research.     These  were  (1)  Code  Requirements 

(2)     Design  Criteria  (3)     Mathematical  Models   (4)  Test  Standardization  and  Material 

Properties  and   (5)     Retrofit  and  Repair. 

The  number  of  attendees  provided  the  best  potential   for  obtaining  a  broad  spectrum 
of  opinions,  but  at  the  same  time  producing  the  intended  objectives  by  the  close 
of  the  workshop. 

These  proceedings  are  published  with  the  intent  that  they  can     assist  in  assuring  that 
future  Federally  funded  research  projects  for  earthquake  resistant  masonry  construction 
are  oriented  toward  national  needs  in  current  problem  areas  related  to  design  criteria. 
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SI  CONVERSION  UNITS 


In  view  of  the  present  accepted  practice  in  this  country  for  building  technology, 
common  U.S.  units  of  measurement  have  been  used  throughout  this  publication.  In 
recognition  of  the  position  of  the  United  States  as  a  signatory  to  the  General  Conference 
on- Weights  and  Measures,  which  gave  official  status  to  the  metric  SI  system  of  units 
in  1960,  appropriate  conversion  factors  have  been  provided  in  the  table  below.  The 
reader  interested  in  making  further  use  of  the  coherent  system  of  SI  units  is  referred 
to:  NBS  SP  330,  1974  Edition,  "The  International  System  of  Units"  and  ASTM  E380-76, 
Standard  for  Metric  Practice. 


Length 


Customary  Unit 

inch  (in) 
foot  (ft) 


International  (SI)  Unit 

meter  (m) 
meter  (m) 


Conversion 


1  in=0.0254  m 
1  ft=0.3048  m* 


** 


Area 


inch^  (in^) 
foot^  (ft^) 


2  2 
meter     (m  ) 

2  2 
meter     (m  ) 


1  in^=6.4516  x  lO"^  m^** 
1  ft^=9.290  X  10"^  m 


Volume 


inch^  (in-^) 
foot^  (ft^) 


3  3 
meter     (m  ) 

o  o 

meter     (m  ) 


1  in^=1.639  X  10  ^  m^ 
1  ft^=2.832  X  10~2  m^ 


Force 


pound  (Ibf) 


newton  (N) 


1  Ibf =4, 448  N 


Pressure 

or 
Stress 


pound  per  square 
inch  (psi) ; 
kip  per  square 
inch  (ksi) 


newton/meter^(N/m^)       1  p8i-6895  N/m^ 

9  2  3  2 

newton/meter'^(N/m^)       1  ksi=6895  x  10  N/m 


Energy 


inch-pound  (in-lbf) 
foot-pound  (ft-lbf) 


joule  (J) 
joule  (J) 


1  in-lbf =0.1130  J 
1  ft-lbf =1.356  J 


Torque 

or 
Bending 

Moment 


pound-inch  (Ibf-in) 
pound-foot  (Ibf-ft) 


newton-meter (N-m) 
newton-meter (N-m) 


1  Ibf -in=0. 1130  N-m 
1  lbf-ft=1.356  N-m 


Mass 
Density 

Velocity 

Acceleration 


pound  (lb) 

pound  per  cubic  foot 
(pcf ) 

foot  per  second 
(ft/sec) 

foot /second/second 
(ft/sec^) 


kilogram  (kg) 

kilogram/meter' 
(kg/m^) 

meter/second 
(m/s) 


1  lb=0.4536  kg 
1  pcf =16. 02  kg/m^ 

1  ft/sec=0.3048  m/s 


meter/second/second      1  f t/sec^=0.3048  m/s^ 
(m/s2) 


*Meter  may  be  subdivided.  A  centimeter  (cm)  is  1/100  m  and  a  millimeter  (mm)  is  1/1000  m. 
Exact  value;  others  are  rounded  to  four  digits. 


ABSTRACT 


The  National  Workshop  on  Earthquake  Resistant  Masonry  Construction  provided  an  exchange 
information  between  researchers  and  practicing  engineers   for  the  purpose  of  orienting 
pertinent  research  toward  national  needs  concerning  current  problems  related  to  design 
criteria.     These  proceedings  contain  the  reports  presented  by  researchers  and  by  users 
of  design  criteria,  as  well  as  transcripts  of  the  discussions  which  followed  the 
individual  presentations.     In  addition,  the  proceedings  include  recommendations  which 
emanated  from  working  sessions  held  by  five  working  groups  of  participants.  Technical 
areas  covered  by  the  groups  were  (1)  code  requirements,   (2)  design  criteria, 
(3)  mathematical  models,   (4)  test  standardization  and  material  properties, 
and  (5)     retrofit  and  repair.     The  recommendations  were  derived  to  identify  research 
which  would  lead  to  improved  output  in  each  of  the  technical  areas  in  order  to 
benefit  national  needs. 

Keywords:     Building  codes  and  standards;   design  criteria;   earthquake  resistance;  masonry 
construction;   seismic  design;   structural  design;   structural  engineering; 
structural  research. 
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INTRODUCTION  TO  THE  WORKSHOP 


John  B.  Scalzi 
Program  Manager,  Earthquake  Engineering 
National  Science  Foundation 

Welcome  to  the  workshop  on  "Earthquake  Masonry  Construction"  to  which  you  have 
graciously  consented  to  give  of  your  time  and  experience.     The  National  Science  Foundation 
sincerely  appreciates  your  contribution  to  this  greatly  needed  activity. 

It  is  a  well  known  fact  that  masonry  is  one  of  the  oldest,   if  not  the  oldest,  con- 
struction material  known  to  man.     From  biblical  times  -  to  the  present,   the  construction 
methods  have  improved  only  slightly.     The  bricks  are  still  placed  one  upon  another  with 
the  mortar  as  the  binding  agent.     Relatively  little  has  been  done  to  research  the  true 
behavior  of  the  material,  either  as  a  component  or  as  a  complete  system  with  connecting 
devices  of  various  types.     Analysis  methods  have  usually  been  of  the  approximate  type 
with  many  basic  assumptions  to  account  for  the  lack  of  experimental  data  on  the 
behavior  of  the  material.     The  principal  reason  for  this  approach  is  the  lack  of  a  good 
understanding  of  the  physical  properties  of  the  material,  and  the  systems  of  construction 
which  do  not  lend  themselves  readily  to  analytical  elastic  solutions.     The  material  is 
more  or  less  brittle  and  the  complete  range  of  physical  properties  is  not  easily  determined 
by  tests. 

The  time  has  come  because  of  seismic  safety  and  economy  of  construction  to  learn 
the  facts  concerning  the  true  behavior  of  masonry  construction.     I  view  this  workshop, 
comprised  of  experts  in  the  many  related  areas  of  masonry  construction,   to  be  the  spring- 
board for  a  new  era  in  research  on  masonry  construction  systems  and  methods.  Through 
your  efforts  the  proceedings  of  this  meeting  will  serve  as  a  source  of  knowledge,  yet 
to  be  determined,  by  current  and  future  researchers.     I  view  the  proceedings  as  a  master 
plan  for  research  activities  in  masonry  in  the  areas  of  analysis,  connections,  mathemat- 
ical models,  elastic  and  limit  behavior,  design  code  provisions,  design  criteria,  standards 
of  materials  and  tests,  and,   that  very  important  area  of  rehabilitation  and  retrofit  of 
existing  buildings. 
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As  the  results  of  this  research  program  are  generated  and  utilized  by  educators, 
regulatory  agencies,  and  model  code  organizations,  you  will  realize  the  ultimate  benefit 
of  your  endeavors.     These  results  will  be  brought  to  fruition  by  the  safety  and  economy 
of  masonry  construction. 

I  take  this  opportunity  to  thank  all  of  you  for  your  participation  and  to  wish  you 
a  most  successful  workshop. 
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INTRODUCTION  TO  THE  WORKSHOP 

Charles  Culver 
Program  Manager,   Disaster  Mitigation 
National  Bureau  of  Standards 

Good  morning.     On  behalf  of  the  National  Bureau  of  Standards,   I  would  like  to  welcome 
you  to  the  National  Workshop  on  Earthquake  Resistant  Masonry  Construction. 

Earthquakes  have  been  in  the  news  quite  a  bit  lately.     Recent  destructive  earthquakes 
in  Guatemala,   China,   Italy  and  the  Philippines  caused  considerable  loss  of   life  and 
reinforced  the  need  to  improve  the  built  environment  to  withstand  these  natural  hazards. 
The  "Palmdale  Bulge"  in  Southern  California  and  earthquake  prediction  activities  have 
created  increased  public  awareness  of  the  problem.     The  Congress  has  taken  action;  bills 
were  recently  introduced  in  the  House  and  Senate,  hearings  have  been  held  and  Federal 
legislation  appears  imminent.     The  legislation  recognizes  the  national  scope  of  the 
problem  and  the  important  role  of  earthquake  resisitant  design.     This  workshop  is  therefore 
very  timely. 

You  may  ask,   "Why  devote  an  entire  workshop  to  one  construction  material?"  There 
have  been  many  conferences  devoted  to  earthquakes.     These  ranged  from  sessions  devoted 
to  research,   to  general  discussions  of  problems  associated  with  earthquakes  and  earthquake 
resistant  design.     They  produced  numerous  recommendations  for  action.     In  view  of  the 
extensive  use  of  masonry  construction  in  the  United  States,   the  numerous  research  and 
development  efforts  devoted  to  masonry  currently  underway,   and  broad -based  input  required 
for  a  coordinated  approach  to  develop  earthquake  resistant  design  procedures,   the  need 
for  this  workshop  was  apparent. 

We  carefully  selected  the  participants  to  achieve  a  balanced  viewpoint  -  six  Federal 
agencies  in  addition  to  the  National  Science  Foundation  and  the  National  Bureau  of 
Standards  are  participating  (HUD,  GSA,  HEW,  Dept.  of  Army,  Dept.  of  the  Navy,  Air  Force). 
The  three  model  codes  are  represented.     State  and  local  building  officials  from  California, 
Arizona,  Missouri,  Michigan  and  Tennessee  are  here.     University  researchers  working  on 
masonry  research  with  NSF  funding  are  also  attending.     Hopefully,   this  will  lead  to  some 
lively  discussion. 
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Our  sponsor,  The  National  Science  Foundation,   looks  to  this  workshop  as  a  means  for 
establishing  a  program  plan  for  funding  needed  research.     They  anticipate  similar  workshops. 
Planning  is  already  underway  for  a  workshop  on  erthquake  resistant  design  of  concrete 
structures.     We  see  additional  benefits  from  this  undertaking.     Two  of  our  workshop  speakers 
will  provide  a  perspective  view  of  masonry  construction  in  the  U.S.  today.     The  research 
presentations  will  summarize  ongoing  activities.     The  sessions  will  also  provide  a  forum 
for  those  involved  in  masonry  construction  programs  and  those  concerned  with  building  regula- 
tions to  identify  pressing  everyday  problems.     This  interchange  of  ideas  in  itself  should  be 
very  helpful. 

Perhaps  more  important,  however,   the  second  half  of  the  workshop  provides  an  opportunity 
for  all  of  us  to  work  together  in  developing  recommendations  for  the  course  of  future 
actions  in  this  area.     These  recommendations,   together  with  the  papers  presented  at  the 
workshop  will  be  published  by  the  National  Bureau  of  Standards.     This  report  will  be  useful 
for  program  planning  purposes  at  the  Federal  level,   for  planning  new  research  and  for  stimu- 
lating implementation  of  improved  building  practices  as  they  are  developed. 

It  was  not  by  accident  that  we  titled  these  sessions  a  "Workshop"  rather  than  a 
conference.     The  program  was  structured  to  provide  considerable  time  for  small  working 
groups  to  address  the  problems  of  code  requirements,  design  criteria,  mathematical  models, 
test  standardization  and  material  properties,  and  rehabilitation  tor  masonry  construction 
and  develop  the  recommendations.     In  order  to  provide  everyone  the  opportunity  to  contribute 
to  each  topic  and  to  attempt  to  achieve  a  consensus  on  all  the  topics,  general  sessions 
involving  all  the  participants  have  been  scheduled  to  review  the  individual  committee  re- 
commendations prior  to  publication  of  the  workshop  proceedings. 

The  committees  have  much  to  do.     Their  success  depends  on  your  efforts.     I  was  involved 
in  a  similar  workshop  here  in  Boulder  several  years  ago  and  the  committees  worked  well  beyond 
midnight  to  develop  their  recommendations.     I  believe  the  success  of  that  effort  was  due, 
in  large  part  to  this  conscientious  participation. 
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We  look  forward  to  working  with  you  this  week  and  the  opportunity  this  workshop  provides 
for  achieving  significant  progress  in  the  design  and  construction  of  earthquake  resistant 
masonry  structures.     The  session  this  morning  is  concerned  with  an  overview  of  our  topic. 
The  two  speakers  from  the  masonry  industry  will  provide  a  perspective  on  concrete  and  brick 
masonry  construction  in  the  United  States.     This  will  be  followed  by  a  presentation  dealing 
with  the  scope  of  needed  research. 
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A  PERSPECTIVE  VIEW: 
BRICK  MASONRY  CONSTRUCTION  IN  THE  U.S.A. 


Alan  H.  Yorkdale 
Director,  Engineering  and  Research 
Brick  Institute  of  America 


I.  Introduction 

First,   on  behalf  of  the  Brick  Industry,   let  me  say  how  very  pleased 
we  are  that  the  NBS  and  NSF  are  holding  this  workshop,   I  am  honored  to  be 
asked  to  participate.     I  believe  we  have  an  opportunity  to  prepare  the  road 
map  that  will  guide  masonry  research  and  development  for  many  years  to  come. 

We  are  looking  forward  with  a  great  deal  of  anticipation  to  the  next 
four  days,   and  also  to  the  document  that  will  result  from  your  participation. 

Now,  as  to  my  own  contribution  to  this  effort.     I  was  assigned  the  title 
"A  Perspective  View  of  Brick  Masonry  Construction".     I     interpreted  this  to 
mean  "Where  Are  We  Now",   so  that  we  can  go  forward  from  here.     As  a  consequence, 
I  have  gathered  considerable  data  and  statistics  that  have  not  yet  been  made 
into  illustrations. 

I  will  therefore  only  touch  on  some  of  the  highlights. 

II.  The  Brick  Industry 

The  Brick  Industry  is  rather  small  by  comparison  to  some  others  in  the 
building  industry.     Historically,   it  is  made  up  primarily  of  relatively  small 
family-owned  operations.     This  is  now  changing  to  fewer,   larger  and  publicly- 
owned  corporations. 

For  example,  in  the  early  thirties,  it  is  reported  that  there  were 
approximately  1200  brick  plants  and  1000  companies  in  the  United  States.  Now 
there  are  approximately  400  plants  owned  by  approximately  300  companies. 

It  is  important  to  note,  however,   that  the  capacity  has  remained  very 
nearly  the  same,  about  12  billion  Standard  Brick  Equivalents  per  year. 
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Since  1949,  the  level  of  production  has  risen  from  about  5.5  billion  to 
approximately  9.0  billion  SBE,  with  the  highest  year  in  that  span  being  1973. 
The  dollar  volume  of  the  Brick  Industry  has  ranged,  during  the  same  period, 
from  $129  million  in  1949  to  about  $451  million  in  1973. 

Incidentally,  of  these  totals  the  Brick  Institute  of  America  represents 
approximately  one-third  of  the  number  of  companies,  but  about  two-thirds  of 
the  production. 

These  numbers  are  of  little  value,  however,  until  they  are  related  to 
construction  values. 

For  example,  it  was  estimated  by  the  Arthur  D.  Little  organization,  in 
a  1972  Study  of  the  Brick  Industry,  that  the  cost  of  brick  accounted  for  only 
about  16  percent  of  the  cost  of  the  construction  in  1970.     By  extrapolation 
then,  brick  masonry  put  in  place  represented  approximately  $1.8  billion. 

This  is  not  too  far  off,  as  the  U.S.  Department  of  Commerce's  "1967  Census 
of  the  Construction  Industry"  estimated  the  total  value  of  all  masonry  as 
$2,142  billion,  or  more  than  5  percent  of  the  total  of  building  construction. 
The  1972  census  figures  are  out  now,  but  I  was  not  able  to  get  the  report 
in  time  for  this  meeting. 

So  much  for  the  size  of  the  industry. 
III.  Where  is  Brick  Used? 

Again  using  data  from  the  1972  Arthur  D.  Little  report,  buildings  or  uses 
of  brick  were  broken  down  into  (7)  seven  categories  as  follows: 

1.  Commercial  Commodity 

2.  Prestige 

3.  Institutional 

4.  Miscellaneous  Buildings 

5.  Single-Family  Housing 

6.  Multi-Family  Housing 

7.  Non-Building  (chimneys ,   fireplaces,  paving,  etc.) 


10 


The  distribution  of  brick  use  in  these  categories  is  as  follows: 
For  the  entire  United  States  — 


1. 

Commercial 

127o 

2. 

Prestige 

17, 

3, 

Institutional 

117o 

4. 

Miscellaneous 

27o 

5. 

Single-Family  Housing 

347o 

6. 

Multi-Family  Housing 

277o 

7. 

Non-Building 

137o 

A  better  grouping  for  our  purposes  might  be: 

1.  Commercial-Institutional  267o 

2.  Housing  61% 

3.  Non-Building  137. 

Naturally,  these  figures  vary  on  a  regional  basis.     For  example: 

In  the  New  England  States,  the  Commercial-Institutional  represents  387, 
In  the  South  Atlantic  States,  the  Housing  represents  737o 
In  the  Pacific  States,  the  Non-Building  represents  607o 
It  is  apparent  that  the  primary  structural  ( loadbearing)  use  of  masonry  is 
in  Multi-Family  Housing,  Hotels,  Motels,  Dorms.,  etc.     Knowledgeable  people 
estimate  that  about  307o  of  this  grouping  is  structural  brick  masonry,  and  about 
half  of  that  is  in  combination  with  concrete  block  masonry. 
IV,  Masonry  Design 

As  we  are  all  aware,  building  with  masonry  dates  back  into  prehistory, 
according  to  some,   for  10,000  years.     Even  up  to  the  beginning  of  this  century 
the  "Master  Builder  Architect"  knew  intuitively  how  to  "design"  with  brick 
masonry.     He  used  rules-of-thumb  and  empirical  methods  that  were  developed 
from  experience  over  the  previous  thousands  of  years.     He  knew  how  high,  thick, 
etc,  he  could  build  a  brick  wall. 
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It  should  be  remembered  that  we  haven't  progressed  very  far  from  that  era. 
Even  our  early  building  codes  and  so-called  "Design  Standards"  were  merely  a 
formalization,  or  writing-down,   of  the  old  rules-of -thumb . 

The  masonry  industry  is  really  quite  young  in  the  field  of  "rational  design". 
The  first  complete  rational  design  procedure  in  the  United  States  only  dates  back 
to  1966,  and  it  was,  and  still  is,  working  stress  design. 

The  Design  Procedures  that  are  currently  in  use  for  masonry  are: 

1.  MSI  A41. 1-1953  (R  1972)  for  all  masonry  products  -  unreinforced 
and  totally  empirical. 

2.  ANSI  A41. 2-1960  (R  1972)   for  all  masonry  products  -  reinforced, 
partially  rational,  mostly  empirical. 

3.  UBC  Chapter  24-1976,   for  all  masonry  materials  —  reinforced  and 
non-reinforced,  some  rational  but  hampered  by  a  great  deal 

of  empirical  requirements. 

4.  DoD  Tri-Service  Manual,  for  all  masonry  materials  —  reinforced  and 
non-reinforced,  some  rational  design  but  also  hampered  by  a  lot  of 
empirical  requirements. 

5.  BIA  Design  Standard,  for  brick  only  —  reinforced  and  non-reinforced, 
mostly  rational  but  only  working  stress  design. 

In  addition  there  are,  of  course,  others  that  are  combinations  of  the  above, 
and  they  have  their  limitations  also. 

There  are  other  design  standards  now  in  the  development  stages.  Among 
these  are: 

1.  The  ATC-3  Document   (all  masonry) 

2.  BIA/NCMA  (composite  masonry) 

3.  ACI  531  (concrete  masonry  and  composites) 

4.  BIA  (hollow  brick) 

The  problem  is  few  of  these  address  the  question  of  seismic  design,  except 
through  the  use  of  empirical  requirements. 
V,     Risk  Maps 

Which  leads  me  to  the  subject  of  Risk  Maps.     I  am  aware  that  this  is  probably 
not  within  the  purview  of  this  workshop,  but  if  we  are  to  really  do  any  good  here, 
we  need  Rational  Risk  Maps. 
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We  would  be  hard  put,  as  engineers,   to  explain  to  an  owner  about  to  build 
a  structure  that  —  Charleston,  South  Carolina  is  identical  to  Los  Angeles, 
California,  or  that  Boston  is  just  like  San  Francisco. 

And  pity  the  poor  man  in  Memphis  who,  by  the  stroke  of  a  pen,  must  begin 
to  design  his  building  for  an  earthquake  that,  according  to  some,  will  not 
occur  again  for  over  a  thousand  years. 

I  believe  that  we  should  demand  more  rationale  in  preparing  these  so-called 
"Risk  Maps". 
VI.  Seismic  Performance 

Because  of  the  problems  experienced  with  unreinf orced ,  lime  mortar  masonry 
in  the  early  U.S.   earthquakes  of  1906  in  San  Francisco,  1933  in  southern  California 
and  others,  masonry  construction  received  a  lot  of  unfavorable  attention  in  the 
western  part  of  the  U.S.     It  was  primarily  due  to  this  experience  and  performance, 
plus  the  lack  of  forthcoming  rational  design  information,  that  seismic  design 
of  masonry  was  and  is  now  almost  entirely  empirical. 

Rational  design  procedures  based  on  structural  performance  research  are  a 
relatively  recent  development  in  the  masonry  industry,  with  the  first  U.S.  Standard 
adopted  in  1966.     Consequently,   seismic  performance  experience  is  almost  non-existent 
for  this  type  of  structural  masonry.     However,   there  have  been  some  modem  rationally 
designed  brick  masonry  structures  that  have  experienced  seismic  events  of  some 
magnitude.     Failures  and  damage  have  occured  primarily  where  poor  construction 
practices  and/or  poor  design  were  involved.     Where  good  construction  practices 
and  good  design  procedures  were  followed,  the  buildings  performed  very  well. 
Reports  from  the  two  most  recent  severe  seismic  events,  the  Alaska  quake  and 
the  1971  San  Fernando  quake,  support  these  findings. 

An  example  of  a  brick  masonry  building  that  has  been  subjected  to  strong 
seismic  actions  and  activity  and  has  performed  quite  well  is  the  Veterans 
Administration  Hospital,  Sepulveda,  California. 
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other  structural  brick  masonry  buildings  built  in  seismic  zones  and 
subjected  to  somewhat  smaller  seismic  events  have  also  suffered  no  damage. 
Among  these  are: 

1.  Park  Mayfair  East,  Denver,  Colorado.     Architects  —  Andersons  and 
Looms,  AIA;  Engineers  —  Sallada  and  Hanson.    (This  building  has  been 
subjected  to  several  minor  and  moderate  seismic  disturbances  in  the 
Denver,  Colorado  area  without  suffering  so  much  as  cracked  plaster.) 
(Figure  1). 

2.  Married  Student  Housing,  Montana  State  University,  Bozeman,  Montana. 
Architect  —  Mclver  and  Hess,  ALA;  Structural  Engineer  —  Sallada  and 
Hanson. 

3.  Senior  Citizens  Apartments,  London,  Ontario,  Canada.     Architect  — 
Hagerty,  Buist,  Breivik  and  Milics;  Structural  Engineer  —  B.  A.  Hastings- 

4.  Augustana  College  Dormitories,  Sioux  Falls,  South  Dakota.  Architect/ 
Engineers  —  the  Spitznagel  Partners,  Inc. 

5.  Library-Classroom  Building,  Eastern  Montana  College,  Billings,  Montana. 
Architect  —  Cushing,  Terrell  and  Associates;   Engineer  —  Wilbur  J. 
Bennington. 

6.  Park  Lane  Towers,  Denver,  Colorado.     Architect  —  Joseph  T.  Wilson 
Associates,  AIA;  Structural  Engineers  —  Sallada  and  Hanson  and 
Associates . 

7.  Housing  for  the  Elderly,  St.  Paul,  Minnesota.     Architect  —  Brooks  Cavin; 
Structural  Engineer  —  Frank  Homer  Company. 

Under  the  current  building  code  requirements  and  design  procedures,  structural 
and  non-structural  masonry  in  zones  two  and  above  are  required  to  be  "reinforced". 

For  the  purpose  of  the  code  "reinforced  masonry"  is  arbitrarily  defined  as 
masonry  "...   in  which  reinforcement  is  embedded  as  required  in  such  a  manner 
that  the  two  materials  shall  act  together  in  resisting  forces.     The  minimum 
area  of  steel  shall  be  not  less  than  0.002  times  the  cross-sectional  area  of 
the  wall,  but  with  not  more  than  two  thirds  of  the  steel  to  be  used  in  either 
direction.     The  maximum  spacing  of  the  principal  reinforcement  in  general  shall 
not  be  more  than  six  times  the  wall  thickness  and  no  more  than  48  inches". 

Although  more  advanced  analysis  techniques,  including  dynamic  structural 
analysis,  are  available  and  applied  to  other  structural  materials  (steel  and 
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concrete),     their  application  to  brick  masonry  structures  has  been  limited  due 
to  the  lack  of  understanding  of  the  behavior  of  brick  masonry  structural  systems 
under  dynamic  exitation. 

As  previously  stated,  it  is  believed  by  many  engineers  that  the  seismic 
design  requirements  for  masonry  now  contained  in  most  building  codes  and 
standards  are  quite  restrictive  and  very  conservative.     Many  feel  that  masonry 
design  technology  has  not  progressed  sufficiently  to  change  the  requirements. 
Because  of  this,  masonry  design  is  precluded  from  the  use  of  most  of  the  newer 
analysis  techniques. 

Because  of  the  lack  of  knowledge,  and  the  need  to  improve  the  seismic 
design  requirements  for  masonry,  considerable  research  is  now  underway  or 
proposed  in  this  field.     Much  of  this  research  is  sponsored  either  partially 
or  wholly  by  the  various  segments  of  the  masonry  industry;  materials,  labor, 
and  contracting.     Some  of  the  research  is  sponsored  by  the  National  Science 
Foundation,  and  some  is  sponsored  by  various  federal  government  agencies. 

As  the  results  of  this  research  are  examined  and  digested  by  the  engineering 
profession,  it  is  anticipated  that  the  technology  for  seismic  design  of  masonry 
will  inevitably  become  more  rational  in  both  concept  and  application. 
VII.  Conclusion 

In  conclusion,  as  I  see  it,  we  have  a  lot  to  do  in  these  next  few  days. 
I  look  forward  to  working  with  you  all. 
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A  PERSPECTIVE  VIEW: 
CONCRETE  MASONRY  CONSTRUCTION  IN  THE  U.S.A. 


Thomas  B,  Redmond 
Director  of  Technical  Services 
National  Concrete  Masonry  Association 


INTRODUCTION 

To  obtain  a  perspective  view  of  Concrete  Masonry  Construction  in 
the  United  States,  it  would  be  well  for  us  to  briefly  review  the 
development  of  the  concrete  masonry  industry,  then  cover  the  products 
and  applications  of  today  and  then  look  into  the  types  of  products 
and  applications  that  are  expected  for  the  future.    Further,  recog- 
nizing that  our  purpose  this  week  is  to  develop  a  workshop  recom- 
mendation on  the  research  needed  to  further  develop  the  structural 
considerations  in  our  codes,  particularly  as  they  relate  to  earthquake 
resistance,  we  should  also  keep  in  mind  developments  which  effect 
the  non-structural  properties  of  concrete  masonry.    If  we  do  not 
keep  in  mind  the  properties  of  thermal  resistance,  fire  resistance, 
sound  transmission  loss  and  v;eather  resistance,  v/e  may  end  up 
v/orking  on  structural  research  and  code  development  that  has  no  prac- 
tical value.    My  purpose  then  is  to  provide  background  on  the  con- 
crete masonry  industry  and  review  product  and  design  considerations 
that  v/ill  effect  its  future  growth. 
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DEVELOPMENT  OF  THE  INDUSTRY 

Early  attempts  at  producing  a  precast  building  block  in  America 
took  place  in  the  19th  Centrury  using  powdered  quick  lime  and  moist 
sand  molded  by  pressure  into  a  block.    The  natural  heat  generated 
formed  a  silicate  of  lime  which  held  the  material  together.  The 
blocks  were  solid,  oversized,  very  heavy  and  exceedingly  hard  to 
handle.    During  the  1800's  there  followed  a  series  of  patents  rela- 
tive to  the  molding  of  hollow  building  block  in  wooden  or  iron  molds. 

The  first  real  advancement  came  with  the  development  of  a  hand 
tamp  block  machine  patented  by  Harmon  S.  Parmer  in  1900.  The 
machine  had  removable  cores  and  adjustable  sides  but  still  produced 
a  hollov;  block  so  large  it  had  to  be  set  with  the  aid  of  a  hand 
cranked  derrick.    Shortly  thereafter  additional  machines  were  pro- 
duced with  which  a  three  man  crew  could  turn  out  200  8x8x24"  blocks 
ih  a  ten  hour  day.    Men  from  all  walks  of  life  rushed  into  the  business 
which  required  only  100  dollars  in  capital  investment  and  a  backyard 
shed.    By  1905,  1,500  companies  in  the  U.  S.  were  manufacturing 
concrete  block  and  selling  them  at  a  price  very  close  to  what  it 
was  in  1970. 

However,  today  the  typical  investment  required  is  a  million 
dollars  but  a  three  man  plant  crew  can  produce  15,000  blocks  in  the 
same  ten  hour  day. 

Concrete  block  producers  were  the  first  to  produce  lightweight 
aggregate  concrete  on  a  commercial  scale.    Approval  for  the  use  of 
cinderblock  in  the  borough  of  the  Bronx,  New  York  came  in  1900. 
This  was  also  the  start  of  our  67  year  history  in  recycling  of  waste 
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materials.    The  use  of  the  steam  boiler  cinders  produced  a  block  that 
was  lighter,  nailable  and  which  had  an  improved  fire  resistance.  By 
1917  a  patent  had  been  issued  to  cover  the  manufacture  of  lightweight 
aggregates  from  clay  and  shale. 

During  the  early  period  of  materials,  machine  and  product  develop- 
ment, the  industry  was  loosely  organized  with  a  relatively  small  per- 
centage of  the  producers  belonging  to  the  National  Concrete  Products 
Association.    The  National  Concrete  Masonry  Association  was  formed  in 
1929  (formal  adoption  of  the  name  came  in  1934).    This  came  about 
primarily  since   the  1928  peak  in  construction  had  already  started  its 
decline  before  the  1929  crash.    By  1933  construction  activity  was  only 
25  percent  of  the  1928  level.    Throughout  the  depression  years,  NCMA 
sponsored  comprehensive  programs  of  tests  at  the  Underwriters  Labora- 
tories, the  National  Bureau  of  Standards,  the  University  of  Wisconsin 
and  the  University  of  Illinois.    Also  during  this  period  the  PCA 
Laboratories  fire -tested  215  concrete  masonry  walls. 

During  reconstruction,  concrete  masonry  construction    grew  in 
terms  of  volume  and  quality.    By  1941  production  reached  the  then  all- 
time  high  of  500  million  8x8x16"  block  equivalents.    Machines  had 
become  automated  and  the  industry  had  come  of  age.    Over  the  30-year 
period  of  1943  to  1973  the  industry  grew  from  a  production  of  1/2 
billion  8x8x16"  block  equivalents  to  3-3/4  billion  8x8x16"  block 
equivalents.    Our  current  recession  has  resulted  in  a  decline  in 
construction  activity  and  block  production. but  the  figures  for  the 
first  half  of  1976  indicate  the  start  of  a  new  era  of  increased 
usage  of  concrete  masonry  walls. 
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THE  PRESENT 

Many  questions  have  plagued  industry  during  the  past  few  years. 
High  interest  rates,  air  and  water  pollution  regulations,  the  occu- 
pational safety  and  health  laws,  and  the  energy  crisis,  have  been  at 
least  partly  responsible  for  the  reduction  in  construction  activity. 
The  block  industry  as  many  others  has  begun  to  learn  to  accomodate 
these  factors  and  it  would  be  appropriate  to  review  where  we  stand 
now  with  regard  to  raw  materials,  the  production  process,  products 
and  construction  applications. 
Availability  of  Raw  Materials 

There  is  no  shortage  of  materials  necessary  for  the  production 

of  Portland  cement.    The  energy  requirement  is  substantial  but  it  is 

less  than  half  that  required  for  raw  steel  and  glass,  1/12  of  that 

required  for  plastic  resins,  and  1/25  that  required  for  primary  copper. 
It  requires  7.25  MM  BTU  per  ton  (dry  process)  of  product.  However, 

this  amount  becomes  less  significant  when  considering  that  only  1/10 

of  this  amount  goes  into  the  energy  cost  of  concrete  masonry.  With 

the  use  of  pozzolans  (siliceous  and  aluminous  materials)  the  amount 

becomes  even  less  significant. 

Sand  and  gravel  and  crushed  stone,  the  normal  weight  aggregates, 
are  produced  in  a  quantity  of  nearly  two  billion  tons  yearly.    It  is 
expected  that  in  six  to  15  years  there  will  be  shortages  of  sand  and 
gravel  in  deposits  close  to  metropolitan  areas.    There  is  no 
general  shortage  anticipated  but  it  is  expected  that  costs  of 
delivery  to  block  plants  will  increase. 

Expanded  shale,  clay  and  slate  industry  did  not  really  begin 
until  after  the  expiration  of  original  patents  in  1946.    In  1973 
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a  peak  production  of  twelve  million  yards  was  reached  but  1976 
production  is  running  at  about  sixty  percent  of  capacity.  These 
aggregate  prices  increased  as  a  result  of  the  Clean  Air  Act  and  were 
further  escalated  by  the  Arab  Oil  Embargo.    The  industry  has  the 
capacity  today  of  expanding  its  production  without  major  expenditures 
and  it  is  expected  that  costs  will  stabilize. 

Blast  furnace  slag  is  not  as    widely  available  as  natural  aggre- 
gates but  is  obtained  from  any  location  where  the  steel  industry  is 
currently  operating.     Molten  slag  is  processed  by  three  methods: 
Air  Cooled  slag  results  when  the  liquid  is  allowed  to  cool  gradually 
in  the  air. 

Expanded  Slag  is  produced  when  a  limited  amount  of  water  is  injected 
into  a  stream  of  the  molten  slag  and, 

Granulated  Slag  is  produced  when  the  molten  slag  is  quenched  in  large 
volumes  of  water. 

Expanded  slag  is  ideal  for  use  in  concrete  masonry  units 
because  of  its  light  weight,  high  fire  resistance  rating  and  thermal 
resistance.    With  national  emphasis  on  energy  conservation  and  recycling, 
and  with  two  new  techniques  for  expanding  slag,  its  use  is  expected  to 
increase. 

Vesicular  volcanic  materials,  such  as  pumice,  scoria,  breccia  and  tuff,  are 
used  as  block  aggregates.    Of  these,  pumice  is  the  most  prominent  and 
is  in  abundant  supply  in  the  Western  United  States.    Imported  pumice 
(shipped  as  ballast)  has  been  used  in  the  Eastern  U.  S.  in  recent 
years  but  its  future  supply  is  questionable. 

^States:    Alabama,  California,  Colorado,  Illinois,  Indiana,  Kentucky, 
Maryland,  Michigan,  New  York,  Ohio,  Pennsylvania,  Texas,  Virginia, 
Utah  and  West  Virginia. 
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Coal  Cinders,  like  expanded  slag, is  a  by-product  material.  Both 
anthrarite  and  bitummium  coal  produce  cinders  suitable  for  concrete. 
The  use  of  cinders  or  expanded  slag  to  produce  C/M  serve  the  purposes 
of  : 

1.  Providing  a  lightweight  aggregate  with  little  use  of  new 
energy. 

2.  Producing  a  good  product  from  an  industrial  waste  material. 

3.  Providing  increased  thermal  resistance  at  low  cost. 
With  new  interest  in  coal  as  a  fuel,  it  is  expected  that  the 

supply  of  usable   cinders  will  increase. 

Pozzolans  are  siliceous  and  aluminous  materials  that  will  react 
with  the  free  lime  in  port! and  cement  concrete  to  extend  the  binder 
materials.    The  principle  pozzolans  for  concrete  masonry  are  fly  ash 
and  ground  pumice  and  research  has  shown  that  the  use  of  these 
materials  to  replace  a  portion  of  the  portland  cement  normally  used 
in  the  mix  results    in  equal  or  greater  strengths.    In  the  interest 
of  energy  conservation  and  increased  costs,  fly  ash  has  grown  in  usage. 
Block  Machinery 

Most  block  machines  are  produced  in  the  United  States  and  in 
recent  years  hundreds  have  been  shipped  to  countries  all  over  the 
world.    It  is  estimated  that  there  are  over  2,000  block  machines 
in  the  U.  S.  with  an  average  individual  production  capacity  of  about 
1,200  8x8x16"  equivalent  blocks  per  hour.    (New  machines  produce  1,600 
blocks  per  hour).    Most  of  the  block  handling  operations  have  been 
completely  automated. 
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Curing  of  Concrete  Masonry 

While  concrete  does  not  require  elevated  temperatures  to  cure, 
there  is  the  time- temperature  relationship  which  facilitates  rapid 
production  v/hen  elevated  temperatures  are  used.    During  the  rapid 
growth  in  use  of  concrete  masonry  during  the  forties,  fifties  and 
sixties,  most  plants  installed  kilns  or  autoclaves  for  either 
atmospheric  or  high  pressure  steam  curing.    With  these  methods, most 
of  the  curing  could  be  accomplished  within  a  six  to  24  hour  period. 
The  autoclave  process  also  resulted  in  the  formation  of  a  different 
type  binder,  (a  monocalcium  silicate  vs.  the  di-,  and  tricalcium 
silicates  formed  with  atmospheric  steam  or  normal  curing)  which 
changed  some  of  the  physical  properties  of  the  block.    Since  the 
energy  crisis,  the  number  of  autoclave  plants  has  decreased  from 
200  in  1973  to  about  150  today.    It  is  believed  that  the  autoclave 
process  will  continue  to  be  used  in  areas  where  slag  and  cinder 
aggregates  are  available,  for  the  production  of  concrete  brick 
and  very  high  strength  block,  and  where  low  cost  substitutes  for 
Portland  cement  are  available. 

Low  pressure  steam  curing,  the  principal  method  used  by  the 
industry,  does  not  use  much  energy.    The  average  total  amount  of 
energy  used  for  L.  P.  curing  and  all  other  operations  (includes 
distillate  fuel  oil,  natural  gas,  propane,  electricity  and  gasoline) 
included  in  block  production  and  delivery  in  1973  was  determined  to  be 
about  310,000  BTU's  per  ton  of  block  produced.    Since  the  energy 
crunch  it  is  estimated  that  the  average  is  now  closer  to  250,000 
BTU's  per  ton  of  block.    The  advantages  of  lower  curing  tempera- 
tures (150  vs.  185°F.)  with  the  return  to  the  24-hour  curing  cycle 
is  being  considered  by  most  in  the  industry.    The  kilns  of  the 
future  will  probably  be  held  at  a  temperature  range  of  120°F.  to 
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to  150°F    so  that  walls,  roof  and  built-in  racks  will  not  be  subject 
to  heat  loss  betv;een  cycles.    This  procedure  will  require  a  greater 
kiln  capacity  for  most  plants. 
Comparable  Energy  Use 

It  is  common  today  to  consider  the  long  term  availability  of 
building  materials,  the  energy  required  for  production,  and  the  im- 
pact on  ecology.    It  has  already  been  noted  that  there  is  no  fore- 
seeable end  to  the  supply  of  aggregates,  pozzolans  and  portland 
cement. 

It  would  be  of  interest  here  to  estimate  the  energy  consumed 
in  raw  material  production  and  delivery  to  the  job  of  concrete 
block.    For  our  estimate  the  following  combination  of  materials 
is  considered: 

Million  Ingredient 
Ingredient  Weight,  lbs.     BTU/ton     BTU ' s-Thousand 

Portland  Cement  160  7.5  600 

Pozzolan  40  0.10  2 

Aggregate 

(Natural  or  by-product)  1700  0.10  85 

Water  100  Negligible  0 

Total  2000  687.0 

Raw  Materials/ton  687,000 
Manufacturing  and  Delivery  of  Block/ ton  250,000 

937,000 

Assuming  an  average  block  weight  of  32#  for  8x8x16"  equivalent. 

Then  All  Energy  per  Block  =  29,281  BTU/Block  or  35,400  BTU/sq.ft. 

of  wall  area. 

This  is  much  less  than  the  energy  required  to  produce  a  square 
foot  of  wall  of  glass,  gypsum,  steel  or  aluminum. 

The  ecology  benefits  are  obvious  when  it  is  remembered  that 
many  millions  of  blocks  are  produced  each  year  using  by-product  wastes 
such  as  expanded  slag,  coal  cinders  and  fly  ash. 
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Today's  Products 

Products  produced  today  that  have  been  proven  for  at  least  the 
past  ten  years  include  the  following  catagories: 

Standard  4,6,8,  10  and  12  inch  block  units  with  fittings. 

Standard  6,  8,  10  and  12  inch  block  units  for  reinforced  concrete 
masonry. 

Units  for  veneer,  composite  and. 

Cavity  walls  such  as  brick,  split  block  and  slump  block,  (usually 
higher  strength  units). 

Architectural  units  produced  for  single  wythe  walls  and  veneers 
such  as  scored  block,  split  ribbed,  profile,  block,  fluted 
block,  etc. 

High  strength  (3500  psi  net  area)  and  extra  high  strength  (5000 
psi  orJ>  net  area)  block  for  high  rise  load  bearing  construction. 

Special  application  units, from  high  density  block  for  radiation 
shielding  to  patio  block  and  screen  block. 

The  vast  majority  of  this  product  mix  is  used  for  non-1 oadbearing 
applications  or  loadbearing  applications  of  three  stories  or  less.  How- 
ever, an  ever  increasing  market  potential  is  for  C/M  loadbearing  struc- 
tures from  four  to  50  stories.    It  is  this  application  of  non-reinforced, 
partially  reinforced  and  reinforced  concrete  masonry  that  requires  the 
greatest  attention  in  design.    Possible  revision  of  the  seismic  design 
map  and  a  recent  concern  for  progressive  collapse  is  expected  to  lead 
to  an  increased  use  of  reinforced  and  partially  reinforced  masonry. 
Consideration  of  provision  for  progressive  collapse  seems  less  critical 
since  no  high  rise  masonry  building  has  ever  failed  in  this  manner  and 
it  is  very  difficult  to  define  the  parameters  for  unusual  loading  and 
the  expected  frequency.    Even  with  this  lack  of  definition,  the  PCA, 
BIA,  NCMA  and  masonry  designers  are  working  with  the  Federal  Government 
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to  perform  pertinent  research  in  order  to  improve  wall-floor  con- 
nection details  and  provide  design  criteria  for  continuity  through 
alternate  loading  paths. 

The  NCMA  Creep  and  Shrinkage  Study  on  High  Strength  Block  Wall 
Columns  loaded  to  the  equivalent  of  a  50-story  building  has  recently 
been  completed  by  PCA.    This  work  provides  creep  data  needed  to  design 
buildinqs  over  20  stories  with  confidence.    Hne  50-story  building  desian 
was  sponsored  by  ^ICMA  and  comoleted  as  a  Master's  thesis  in  association 
with  Fazlur  Kahn. 

Some  of  the  actual  hiqh  rise  reinforced  and  unreinforced  concrete 

masonry  buildinqs  built  over  the  last  ten  years  are  described  briefly 

in  the  following  list: 

A    -     9-Story  Travelodge,  Harbor  Island,  San  Diego,  California 
8"  Reinforced  Concrete  Masonry  Walls 

B    -    13-Story  Essex  House  in  Ottawa,  Ontario  (Apt.  House) 
Non-Reinforced  C/M  Bearing  Walls  (23"  to  8"  Walls) 

C    -    14 -Story  Apartment  in  Honolulu 

Threadline  (thin  joint)  Reinforced  Concrete  Masonry 
Bearing  Walls 

D    -    16 -Story  Cabrillo  Square  Job  in  Los  Angeles,  one  of 
tallest  in  Earthquake  Zone  3 

E    -    13-Story  Holiday  Inn  in  Jefferson  City,  Missouri 
8"  Reinforced  L.  B.  Walls  —  1966 

F    -    A  college  dormitory  in  Southern  California  (Zone  3) 

of  8"  Reinforced  Bearinq  Walls  desiqned  hv  Alhyn 
Mcintosh 

6    -    18  ^tory  Travelodge,  Disneyworld,  Orlando,  Florida 

12"  Solid,  8"  Solid  and  8"  Hollow    L.  B.  Walls 
Threadline  Mortar 

H    -    Two  22-Story  apartments  in  the  Pittsburgh  area  designed  by 
Richard  Gensert. 
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Figure  1  -  Nine-story  Travelodge  at  Harbor  Island,  San  Diego,  California. 

(8-inch  block,  reinforced  concrete  masonry,  load-bearing  walls) 
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Panel ized  Construction 

To  date,  only  a  fevi  C/M  high  rise  buildings  have  been  built  with  pan 
elized  construction.    There  was  a  surge  of  interest  in  panels  and 
modular  construction  elements  during  the  days  of  Romney's,  "operation 
breakthrough"  but  this  has  not  developed  rapidly.    There  are  perhaps 
a  dozen  producers  that  are  plant- fabricating  block  panels. 

Masonry  panels  may  be  fabricated  on  site  or  off  site,  with 
machines  or  with  masons,  conventional    mortar  or  special  mortar,  rein- 
forced or  unreinforced,  and  with  special  masonry  units  specifically 
for  prefabrication  usage,  conventional  brick  and  block  or  composites 
of  brick  and  block.    The  methods  can  be  divided  into  5  general  categor- 
ies which  are:    hand-laying,  casting,  special  equipment,  special  units 
and  special  mortars. 

The  hand-laying  method  of  prefabrication  is  achieved  in  the  same 
manner  as  conventional  in-place  masonry,  except  it  is  accomplished  in 
an  area  removed  from  the  final  location  of  the  masonry  element. 

The  casting  method  of  fabrication  involves  the  combining  of  masonry 
units  and  grout  into  a  prefabricated  element  similar  to  precast 
concrete.    The  casting  method  is  performed  with  the  element  either  in 
a  vertical  or  horizontal    position  which  often  uses  automated  equipment. 

The  special  equipment  used  in  prefabrication  as  practiced  today 
varies  widely.    It  ranges  from  simple  hand  tools  to  highly  sophisticated 
automated  machinery. 

The  most  recent  innovation  in  manufactured  panels  involves  high 
strength  steel  strapping,  surface  bonding  and  urethane  foam.  Blocks 
are  semi-automatical ly  placed  in  running  bond  on  an  8'x  18'  Tilt 
Table  (while  horizontal)  as  they  come  from  the  block  machine  area.  The 
panel  is  squared  up  with  steel  angle  stops  and  heavy  steel  strapping  is 
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laced  through  the  the  dry  stacked  panel  and  drawn  tight.    Pick  up 
rods  are  inserted  from  the  top  and  threaded  into  2-1/2"  x  3-1/2" 
anchor  plates.    (Rods  are  returned  to  the  plant  for  reuse).  Then 
urethane  foam  is  injected  into  the  cores  for  insulation.    The  Tilt 
Table  is  then  elevated  and  the  panel  is  picked  up  and  moved  to  a 
four-position  carousel  for  spray  application  of  surface  bonding. 

Prefabricated  unit  masonry  is  a  relatively  recent  entrant  in 
the  construction  picture,  it  has  made  its  presence  known.  Prefabricated 
masonry  is  not  a  cure-all  nor  the  ultimate  solution  to  masonry  con- 
struction.   Prefabri cation  must  be  recognized  for  what  it  is,  another 
method  for  fully  utilizing  the  many  good  properties  of  masonry. 
Design  Codes  &  Research 

Present  design  criteria  provide   a  large  margin  of  safety  with 
respect  to  static  vertical  loads  on  loadbearing  masonry  walls.  The 
margin  of  safety  provided  against  an  increase  in  moment  without  an 
increase  in  vertical  loads  is  not  as  conservative. 

It  has  been  suggested  by  Dikkers,  Mathey  and  Yokel  that  wall 
capacity  can  be  conservatively  predicted  by  the  moment  magnifier 
method.    It  is  further  suggested  that  a  rational  design  procedure  such 
as  the  moment  magnifier  method,  which  includes  design  variables  not 
presently  considered .would  be  feasible  and  desirable  in  the  interest 
of  both  safety  and  economy. 

Some  researchers  suggest  that  the  two-block  prism  test  produces 
high  values  for  assumed  value  of  masonry  compressive  strength. 
The  effect  of  test  machine  platen  restraint  is  the  primary  reason 
but  the  negative  effect  of  no  end  restraint  of  adjacent  masonry  for 
the  prism  versus  actual  wall  construction  is  a  strength  reduction 
factor.    Perhaps  the  use  of  fiber  or  gypsum  board  for  capping  should 
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be  studied.  The  use  of  Teflon  has  been  investigated,  but  its  expense 
is  too  great.  Greater  prism  heights  should  not  be  considered  as  most 
commercial  labs  could  not  conduct  the  test. 

The  behavior  of  mortar  joints  under  combined  compression  and 
shear  is  receiving  considerable  attention  by  researchers.  Considerable 
work  is  being  done  with  diagonal  tension  tests  but  mostly  with 
ungrouted  or  fully  grouted  masonry,  neither  of  which  is  representative 
of  most  reinforced  or  partially  reinforced  concrete  masonry. 

The  diagonal  tension  type  racking  test  can  be  analysed  up  to 
first  cracking  and  consequently  is  of  interest  to  the  researcher, 
code  writer  and  designer. 

Shear  walls  constitute  the  primary  structural  element  in  high 
rise  masonry  buildings.    An  understanding  of  their  behavior  in  all 
types  of  floor  plans  under  seismic  loading  is  of  prime  interest  to 
this  conference.    A  better  understanding  should  lead  to  a  combination 
of  greater  economy  and  safety.    If  economy  of  design  and  construction 
is  not  considered, there  is  not  much  need  to  be  concerned  with  safety. 
PROBING  THE  FUTURE 

In  our  thinking  of  future  construction  techniques,  it  may  be  well 
to  examine  some  quotes  from  the  Engineering  News  Record's  Centennial 
Issue,    "Probing  the  Future",     which  is  a  forecast  of  the  year  2000 
and  beyond,  only  24  years  away. 

Quote— "Concrete  will  continue  as  a  mainstay  of  construction  in  the 
next  century  and  probably  increase,  proportionately,  as  wood  use  declines. 
There  is  no  lasting  shortage  of  its  components  in  view  except  possibly 
of  good  natural  aggregates  at  some  locations." 
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Quote— (Concrete)  "Strengths  of  over  60,000  psi  may  be  obtained  for 
special  purposes  and  strengths  of  20,000  psi  may  be  routinely  obtained 
in  production.    Tensile  strengths  of  one-half  the  compressive  strength 
may  also  be  available." 

Quote— "An  adhesive  polymeric  mortar  that  improves  structural  proper- 
ties of  masonry  and  reduces  costs  in  relation  to  masonry  bonded 
with  conventional  mortars  may  also  be  widely  used." 
Quote— "With  refuse  incinerators  operating  at  extremely  high  tempera- 
tures, glossy  residues  similar  to  fly  ash  and  slag  may  be  produced  and 
put  to  use  in  concrete." 

Quote— "New  reinforcement  materials  and  techniques  that  are  in  experi- 
mental stages  now  will  be  developed  for  special  uses." 
Quote— "Available  strengths  (of  steel)  today  are  in  the  30,000  to 
100,000  psi  range,  far  short  of  the  300,000  psi  range  that  may  be 
common  before  the  next  century.    Even  at  300,000  psi,  steel  will  have 
reached  only  10%  of  the  theoretical  strength  of  the  material,  in  the 
neighborhood  of  3  million  psi." 

Most  of  these  predictions  do  not  seem  far  fetched.    A  great  deal 
of  work  has  already  been  done  with  organic  and  organic  modified 
mortars.    Concrete  masonry  homes  have  already  been  built  with  block 
made  with  glass  residue.    Steel,  glass  and  other  fibers  are  already 
being  used  for  applications  such  as  foundation  slabs  and  surface  bonded 
masonry.    High  steel  strengths  for  special  applications  are  now  avail- 
able.   High  bond  mortar  is  now  being  used  to  some  extent. 

There  is  a  growing  international  mood  that,  "the  city  has  lost 
its  human  qualities.    It  is  overcrowded,  noisy,  and  crime-ridden; 
most  important,  not  enough  attention  has  been  paid  to  human  scale  and 
dimensions".    For  example,  this  mood  has  brought  about  the  recent 
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rebirth  of  the  use  of  pavers  for  streets,  sidewalks,  roads,  play 
areas,  and  malls  in  Europe.    It  is  now  a  potential  for  an  impressive 
amount  of  construction  in  the  United  States.    In  the  past  year  about 
ten  U.  S.  block  producers  have  started  to  manufacture  pavers  and 
the  machinery  manufacturers  report  orders  for  molds  from  another  20 
block  plants. 

Interlocking  paving  stones  were  not  new  even  2,000  years  ago, 
when  the  ancient  Romans  used  them  to  pave  their  roads.  Surviving 
numerous  earthquakes,  many  of  these  roads  still  exist  today.  It 
would  appear  that  people  all  over  the  world  are  tired  of  the  vast 
ribbons  of  unrelieved  concrete  and  asphalt  that  disect  their  cities. 
Urban  planners  are  looking  for  something  with  more  human  warmth  and 
scale  and  masonry  walls  and  masonry  pavers  are  such  materials.  The 
pavers  are  designed  as  a  flexible  system  but  should  failure  occur 
in  earthquakes,  the  units  can  be  easily  replaced  over  the  repaired 
road  beds. 

Structural  Design  Hill  Be  Affected  By  Energy  Standards 

A  major  consideration  that  will  have  greater  effect  on  the  design 
of  building  envelope  walls  is  thermal  transmittance.    If  hollow  block 
walls  are  fully  grouted  they  cannot  be  insulated  as  economically  as  if 
joint  reinforcement  were  used  for  horizontal  steel  and  vertical  steel 
was  extended  to  its  maximum  feasible  spacing. 

Regarding  the  developing  codes  on  energy,  we  can  only  hope  that 
reason  and  technical  accuracy  will  prevail.    Today  there  are  some 
prescriptive  standards  which  dictate  a  U-Value  of  0.10  BTU/ft^/°F. 
This  is  an  ineffective  approach  and  has  no  significant  bearing 
on  energy  conservation.    If  U-Values  must  be  used  in  a  prescriptive 
manner,  we  should  learn  from  the  European  countries  who  have 
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experienced  high  prices  and  shortages  of  fuel  long  before  us.  In 
many  of  these  countries  where  prescriptive  standards  are  used,  they 
have  settled  on  a  U-Value  of  1.0  (metric)  for  masonry  which  converts 
to  0.176  in  English  units.    This  is  a  more  reasonable  and  cost  effec- 
tive value  for  masonry  which  provides  the  extra  benefits  of  thermal 
inertia  or  capacity  insulation.     The  Italians  have  related  their 
standards  to  the  real  life  interaction  of  resistance  and  capacity 
insulation. 

The  Italian  U-Values  are  related  to  wall  weight  (as  a  measure  of 
heat  storage  capacity)  and  when  converted  to  English  units  are: 


(Sample) 


Wall  Weight 

U 

Construction 

Ib/cu.ft. 

Value 

Type 

4 

0.09 

Frame  (wood  or  metal) 

10 

0.125 

20 

0.165 

40 

0.22 

8-in  block 

60 

0.276 

8-in  block,  reinforced 

80  or  > 

0.286 

12-in  block,  reinforced 

Exciting  prospects  for  more  realistic  methods  of  computing  energy 
required  for  heating  and  cooling  are  presented  in  two  important  papers. 
Dr.  Francisco  Arumi ,  University  of  Texas,  in  a  paper,  "Thermal  Inertia 
in  Architectural  Walls"  has  presented  a  practical  method  of  integrating 
the  effects  of  thermal  inertia  and  thermal  transmittance.    The  paper 
points  out  how  walls  with  low  insulating  values  and  high  thermal  inertia 
may  perform  as  well  as  walls  with  high  insulating  values  and  low 
thermal  inertia.    The  paper  was  a  joint  project  of  ERDA  and  NCMA. 
In  another  paper,  "Comfort  Range  Thermal  Storage"  by  Dr.  A.  L.  Berlad, 
et  al ,  researched  under  contract  for  the  U.  S.  Energy  Research  and 
Development  Administration,  (to  be  presented  at  1976  ASME  Annual 
Meeting),  it  is  pointed  out  that  "Ordinary  Masonry  or  Phase  Change 
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Masonry^     '  structures  can  be  space  conditioned  in  the  comfort  range 
at  substantially  lower  cost  than  an  equally  well  insulated  frame  struc- 
ture if  the  masonry  or  PCM  Structure  is  insulated  exterior  to  its  high 
mass  structural  elements."    Phase  Change  Masonry  are  concrete  block 
that  have  phase  change  materials  incorporated  into  the  block  mix.  The 
paper  points  out  that  gypsum  board  cannot  be  usefully  charged  for  more 
than  a  few  minutes  while  masonry  can  be  usefully  charged/discharged 
over  a  period  of  hours.    Masonry  offers  the  important  potential 
savings  to  be  derived  from  the  use  of  low  cost  off-peak  electrical 
energy  and  the  only  real  hope  for  reasonable  initial  cost  solar  heat 
systems. 

Why  talk  about  thermal  when  seismic  design  is  the  subject?  The 

exterior  wall  must  often  serve  both  structural  and  shelter  functions. 

It  is  important  to  be  aware  of  trends  in  products  and  walls  in 

planning  future  structural  research.    With  that  in  mind  these  are  trends 

that  should  be  considered: 

A   -    Lightweight  block  are  generally  more  expensive  than  dense 
aggregate  block  and  will  therefore  be  used  principally  on 
exterior  walls  where  their  resistance  and  capacity  insula- 
tion can  be  used  most  effectively. 

B    -    Dense  aggregate  block  will  be  used  for  separation  and  corri- 
dor walls  except  where  4-hour  rated  walls  are  required. 

C   -    It  will  be  desirable  to  insulate  cavity  walls  in  the  cavity, 
rather  than  on  the  interior,  from  the  standpoint  of  using 
thermal  inertia  to  its  fullest  potential. 

D   -    New  Shapes  of  Block  for  single  wythe  walls  developed  to 
accommodate  reinforcing  and  at  the  same  time  increase 
thermal  resistance. 

E   -    For  residential  construction,  new  shapes  are  being  developed. 
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They  will  acconjTiodate  low-cost  insulation,  accommodate  reinforcing, 
reduce  cost  of  electrical  installation,  accommodate  plumbing,  and 
increase  weather  resistance. 

There  is  a  good  possibility  that  masonry  will  be  reconsidered  for 
more  non-loadbearing  interior  partition  walls.    Another  strong 
possibility  is  that  even  office  buildings  will  be  designed  with 
permanent  masonry  loadbearing  division  walls.    The  reasons  for  this 
are:    (a)    Studies  have  shown  that  most  temporary  walls  are  not  moved 
and,    (b)    Interior  masonry  walls  provide  sufficient  thermal  storage 
capacity  to  permit  the  use  of  off-peak  power  for  heating  and  cooling. 
Research  Recommendations 

With  these  considerations  or  restraints  in  mind,  it  is  recommended 
that  the  following  areas  of  structural  research  be  given  consideration. 
Masonry  walls  are  multifunctional  building  elements  capable  of  sustain- 
ing high  load,  reducing  energy  consumption,  providing  fire  resistance 
and  low  sound  transmission. 

1.  It  is  important  to  consider  at  least  three  strength  levels 
for  the  brick,  block,  mortar,  grout  and  steel  in  research 
evaluating  the  performance  of  reinforced  and  partially 
reinforced  masonry. 

2.  It  is  important  to  develop  the  prism  test  as  a  job  site  check 
of  masonry  units  and  mortar  and  to  determine  allowable 
stresses  for  designers.    Recognition  of  commercial  labora- 
tory capabilities  should  be  considered. 

3.  It  is  important  to  consider  new  masonry  wall  systems  for 
structural  research. 

4.  A  variety  of  floor  systems  should  be  considered  in  research 
work  evaluating  their  interaction  with  masonry  walls. 
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The  use  of  joint  reinforcement  to  satisfy  horizontal  steel 
requirements  should  be  studied.    Investigation  should  in- 
clude the  considerations  of  using  joint  reinforcing  for  the 
non-principal  stresses  associated  with  shrinkage  cracking 
and  creep. 

The  interaction  and  compatibility  of  the  block-mortar-grout- 
rebar  composite  of  reinforced  concrete  masonry  construction. 
Investigation  should  cover  consideration  involving  strain 
compatibility  and  stress  transfer  between  reinforcing  steel, 
dense-,  and  lightweight  grout  and  block/mortar  entities. 
The  quality  control  of  materials  and  quality  assurance 
testing  to  determine  allowable  stresses  for  proper  engineering 
designs.    It  is  imperative  that  the  proper  testing  procedures 
are  adequately  performed  in  accordance  with  uniform  procedures 
adopted  by  ASTM. 

Concerning  new  systems  or  methods  of  construction,  for  concrete 
masonry  structures,  additional  research  into  the  areas  of  sur- 
face bonded  construction  needs  in-depth  research  similar  to 
that  maintained  in  (6.)  above.    Also,  the  use  of  prefabricated 
panels  and  the  interaction  of  such  panels  used  as  infilling  in 
structural  frameworks  is  quite  important.    Research  has  been 
performed  to  date  relative  to  infills  and  frame  interaction, 
but  no  simplified  method  for  frame  design  using  this  additional 
load  resisting  capability  has  been  formulated. 
Additional  research  is  needed  on  design  and  construction 
details  to  develop  continuity  between  walls  and  floor  and 
to  allow  complete  structural  integrity  for  both  static 
and  dynamic  load  effects. 
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10.  Damping  and  ductility  coefficients  for  masonry  structures 
should  be  researched. 

11.  Stiffness  coefficients  and  a  rational  method  of  computing 
masonry  building  periods  should  be  determined  and  verified 
with  measurements  on  actual  structures. 

12.  New  construction  methods  for  resisting  overturning  due  to 
seismic  loads  should  be  analyzed,  such  as  post-tensioning 
masonry  structures. 

13.  Additional  studies  are  needed  to  determine  what  is  rein- 
forced masonry.    What  is  the  rationale  behind  the  maximum 
spacing  of  4  ft.? 
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EARTHQUAKE  RESISTANT  MASONRY  CONSTRUCTION: 
A  PERSPECTIVE  VIEW  OF  NEEDED  RESEARCH 


Robert  A.  Crist* 
National  Bureau  of  Standards 

Abstract 

An  overview  of  the  areas  of  research  needed  for  improved  engineering  design  of 
earthquake  resistant  masonry  construction  is  given  and  followed  by  a  presentation  of 
the  information  in  the  form  of  a  3-dimensional  matrix  model.  The  elements  of  the  matrix 
representing  areas  of  research  and  their  coordinate  intersections  (combinations)  are 
used  to  develop  the  structuring  of  a  workshop  in  which  5  major  areas  of  consideration 
are  shown  to  emerge.  These  5  categories  of:  design  criteria;  standardized  tests  for 
material  properties;  mathematical  models;  rehabilitation  and  retrofit;  and  code  require- 
ents;  together  with  respective  task  statements  are  each  described,   in  order  to  organize 
corresponding  workshop  groups  for  accomplishment  of  the  tasks.  In  conclusion,  an  order 
of  assigning  priorities  to  needed  research  is  established. 

Key  Words:     Building  codes  and  standards;  design  criteria;  earthquake  resistance;  limit 
states  design;  masonry  construction;  materials  testing  standardization;  mathematical 
models;  rehabilitation;  retrofit;  seismic  design;  structural  design;  structural  research. 

It  is  appropriate  at  this  time  to  provide  some  background  of  the  creation  of  this 
workshop.     The  National  Bureau  of  Standards  has  been  involved  for  several  years  in  a 
cooperative  program  with  the  masonry  industry,   federal  agencies,  and  with  its  own  effort 
in  a  modest  program  but  none  the  less  one  that  has  begun  to  provide  technical  information 
to  identify  needed  research.     Industry  was  represented  through  the  trade  organizations 
of  the  National  Concrete  Masonry  Association,   the  Brick  Institute  of  America,  and  the 
Masonry  Institute  of  America.     The  government  agencies  involved  were  represented  through 
the  Tri-Services  Committee  comprised  of  delegates  from  the  Office  of  the  Chief  of 
Engineers,   the  Naval  Facilities  Engineering  Command  and  Headquarters,  United  States  Air 
Force.     The  NBS  cooperative  program  has  had  primarily  two  areas  of  study:     the  identi- 
fication of  research  needs  and  the  resistance  of  plain  masonry  to  seismic  loads.  In 
the  research  program  the  effort  has  been  primarily  aimed  at  failure  hypotheses  (and 
their  experimental  verification)  for  plain  masonry  construction  involving  both  grouted 
and  ungrouted  concrete  and  clay  masonry  systems.     Also  involved  in  the  research  portion 
was  a  program  of  standardization  of  tests  for  determining  material  properties  of  masonry 
systems.     This  research  will  be  presented  by  Dr.  Fattal  in  this  workshop. 


*Chief  of  Structures  Section,   Center  for  Building  Technology,  lAT 
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The  workshop,   in  its  format,   stems   from  the  identification  of  research  needs  by 
the  NBS  cooperative  program. 

The  design  of  structures  to  resist  earthquake  loads  will  have  to  be  considered 
for  almost  the  entire  United  States  as   indicated  by  the  1976  Uniform  Building  Code. 
Even  more  demonstrative  of  the  seismic  risks  in  the  United  States   is  the  preliminary 
seismic  map  by  Algermissen  and  Perkins   (fig.   1).     This  map  is  continually  going  through 
consensus  processes  and  is  considered  in  one  form  or  another  to  be  a  source  of  information 
for  seismic  requirements.     Thus   it  is  not  hard  to  conclude  that  seismic  resistance 
of  masonry  construction  is  going  to  be  required  to  be  well  defined  in  the  future. 

It  was,   therefore,   necessary  to  identify  a  planning  model  that  could  be  used  to 
establish  the  research  needs  and  thus  supply  some  rationale  to  the  chaos  of  research 
requirements  that  are  currently  being  discussed.     The  model  presented  is  a  first  trial 
and,  hopefully,  by  the  end  of  the  workshop  this  model  will  have  served  as  a  starting 
point  for  an  improved  one  resulting  in  recommendations  from  the  workshop.     To  visualize 
this  model  a  three  dimensional  coordinate  system  (matrix)  was  created  and  represented 
by  the  rectangular  solid  shown  in  figure  2.     Each  plane  or  coordinate  axis  represents 
one  of  the  following:     construction  classification;  masonry  assemblages;   and  implement- 
ation and  application  categories.     Figure  3  shows  the  details  of  the  construction  classi- 
fication axis  which  consists  of  nine  elements  contained  in  three  groups:  constituent 
materials,  presence  of  reinforcement,   and  details  defining  constituent  materials. 
Figure  4  shows  the  masonry  assemblages  axis.     The  seven  items  are  listed  in  a  priority 
order  stemming  from  discussions  and  a  consensus  emanating  from  the  NBS  cooperative 
program.     Again,    it  is  hoped  that  by  this  workshop,   terminology  and  prioritization  can  be 
further  improved  to  give  research  guidance.     The  last  axis,   implementation  and  application, 
contains  six  items   (fig.   5).     These  are  not  listed  in  priority  order.     However,    they  are 
considered  to  be   (at  least  as  a  first  trial)  the  major  categories  to  be  considered. 
This  workshop  was  organized  to  provide  three  areas  of  interaction:     (1)  presentation 
of  technical  subjects;  (2)     discussion  of  these  subjects;   (3)     formulation  of  working 
groups  to  produce  workshop  recommendations  for  research  planning.     The  last  item  - 
working  groups  -  was  determined  from  the  implementation  and  application  axis  of  the  model. 

Five  working  groups  were  organized  for  the  workshop:     design  criteria;   test  standardiz- 
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ation  and  material  properties;  mathematical  models;   retrofit  and  repair;  and 

code  requirements.     These  are  five  of  the  six  categories   listed  on  the  implementation 

axis  (fig.  5).     A  working  group  on  design  details  has  been  omitted  as   it  was  thought 

to  be  inappropriate  for  this  workshop  in  view  of  the  short  time  that  we  have  to  produce 

recommendations.     Nevertheless,   future  recommendations  must  follow  in  this  important  area 

concerning  design  details   (such  as  effective  anchorage  and  connections)  and  hopefully 

will  follow  as  an  outgrowth  of  this  workshop's  action. 

We  should  pause  for  a  moment  to  consider  some  of  the  data  on  this  model.  The 
matrix  model  provides  only  minimum,   or  average,   rather  than  maximum  considerations 
and,   of  course,    it   is  not  exhaustive.     Thus  it  is  not  unreasonable  to  assume  that 
there  could  be  more  than  1000  intersections   in  the  matrix  model  if  all  variables  were 
considered.     This  demonstrates  the  need  for  a  consensus  regarding  priority  of  the 
parameters   leading  to  intersections   in  the  model  that  can  be  considered  within  the  time 
and  funding  available.     It   is  obvious  that  we  cannot  handle  the  more  than  1000  inter- 
sections and  still  arrive  at  reasonable  solutions  to  our  problems  in  a  time  which  is 
respons  ive . 

To  compound  this  problem  of  the  multitude  of  identified  intersections   in  the  matrix 
model,   there  are  also  the  great  number  of  codes  being  used  to  regulate  the  masonry 
contruction  industry.     The  following  questions  arise:     "Which  of  these  codes  are  presently 
usable  resources?"     "How  can  new  standards   feed  into  the  present  code  system  without 
proliferating  the  already  confusing  code  situation?"  and  "What  new  research  needs  to  be 
done  to  fill   in  the  gaps?"     These  questions  should  be  addressed  in  the  working  group 
deliberations  of  this  workshop. 

In  order  to  organize  the  working  groups  and  give  a  better  understanding  of  what  is 
intended  in  the  charge  given  to  each  working  group,   they  will  be  described  separately. 

Working  Group  1.     Code  Requirements 

Work  Statement  -  From  an  assessment  of  deficiencies   in  code  and  standard  requirements 

for  earthquake  resistant  masonry  construction,   recommend  needed  research  to  alleviate 

these  deficiencies.     In  addition,    this  committee  should  recommend  revisions  of  codes 

and  standards  that  they  feel  would  foster  improvement.     Another  element  of  this  working 
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group's  output  should  be  the  assessment  of  how  the  results  of  research  are  incorporated 
into  codes  and  standards,   and  recommendations  for  improving  the  process. 

This   is  the  largest  problem  area  of  all  among  the  working  groups,   and  it   is  the 
assimilation  point  for  implementation  of  all  research.     Considered  here,   also,   should  be 
coordination  of  formal  masonry  committees   in  the  American  National  Standards  Institute, 
the  American  Concrete  Institute,   and  the  American  Society  of  Civil  Engineers. 

Working  Group  2.     Design  Criteria 

Work  Statement  -  Assimilate  and  synthesize  available  information  and  knowledge  to  make 
recommendations  for  needed  research  to  develop  advanced  design  criteria;  for  instance, 
limit  states  design  approaches. 

As   limit  states  design  begins   to  dominate  us  in  future  codes  and  standards, 
we  need  to  evolve  into  more  modern  analysis  and  design  approaches.     Also,  we  should  be 
careful,   in  this  area,  not  to  assume  that  seismic  design  would  control  the  design  of  all 
masonry  structures;   there  are  other  loads  or  implied  loads  that  may  control.  These 
could  be,    for  example,   out-of-plane  wind  loading  or  in-plane  shear  forces  created  by 
differential  settlement. 

Working  Group  3.     Mathematical  Models 

Work  Statement  -  Based  on  the  assessment  of  current  and  past  masonry  research,  recommend 
needed  research  to  develop  analytical  procedures,   and  models  to  design  simple  elements 
and  whole  buildings.     Also  provide  recommendations  on  the  use  of  mathematical  models 
as  a  research  tool  and  identify  the  needed  research  to  create  simplified  analytical 
models  that  designers  can  use  without  the  aid  of  computers. 

Two  classes  of  mathematical  models  should  be  considered:     simple,  accurate  models 
which  the  designer  can  apply  easily  but  which  are  derived  from  more  complex,  analytical 
models  and  which  can  be  verified  by  those  analytical  procedures;  and  complex  models 
which  would  necessarily  be  provided  in  their  entirety  for  the  larger  and  more  elaborate 
structures . 
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Working  Group  4.     Test  Standardization  and  Material  Properties 

Work  Statement  -  Assess  current  masonry  test  procedures.     Formulate  recommendations  for 
needed  research  for  the  development  of  tests  of  relatively  small  specimens  to  provide 
information  on  material  properties  such  as  stiffness,  shear  strength,  and  splitting 
strength  which  are  critical  in  earthquake  resistant  masonry  design.     These  standardized 
tests  should  fulfill  a  function  similar  to  that  of  "prism  tests"  for  determining  masonry 
compressive  strength  and  flexural  bond  strength  (ASTM  Designation  E447  and  E518), 
and  should  also  be  capable  of:     (1)     determining  the  material  properties  of  various 
types  of  masonry  construction;   (2)     providing  data  for  the  study  of  the  effects  of 
variables  such  as  the  strength  of  masonry  units,  the  initial  rate  of  absorption  of  brick, 
and  the  various  mixes  of  mortar  and  grout  on  the  constitutive  properties  of  masonry; 
(3)     providing  effective  construction  quality  control. 

It  should  be  remembered  that  standardized  tests  have  to  be  useful  to  a  broad  range  of 
people:     the  contractor,  the  inspector  (compliance  official),  the  designer/engineer, 
and  the  materials  supplier  or  manufacturer.     The  tests  should  also  be  designed  to  allow 
the  timely  completion  of  a  structure.     Early  strength  characteristics  and  corresponding 
quality  control  tests  need  to  be  considered,   as  well  as  variability  allowances  in 
quality  control. 

Working  Group  5.     Retrofit  and  Repair 

Work  Statement  -  Assess  current  methods  of  repairing  buildings  that  have  sustained 
earthquake  damage  and  recommend  needed  research  to  develop  new  methods  of  restoring 
such  buildings.   In  addition,  make  recommendations   for  methodology  of  evaluating  and 
retrofitting  existing  buildings. 

This  area  is  especially  important  for  post-disaster  repair  and  for  retro- 
fitting of  structures  in  areas  where  code  revisions  have  made  necessary  the  upgrading 
of  existing  structural  systems. 

As  with  any  planning  model  we  have  to  remain  flexible,   seek  the  highest  level  of 

resources,   and  iterate  the  model  until  it  and  the  answers  sought  become  compatible. 

A  format  for  the  workshop  has  been  created  under  which  we  can  begin  operating  through 

the  working  groups.     As  discussions  proceed  and  problems  emerge,  undoubtedly  modifications 
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to  these  work  statements  will  occur  which  will  produce  what  is  sought  from  the  workshop 
a  consensus  of  needed  research  for  improved  seismic  resistance  of  masonry  construction. 

In  closing,   there  is  one  area  that  has  to  be  addressed  on  all  coordinate  axes  of 
the  research  needs  planning  model:     "Which  problems  need  immediate  response  and  solution 
and  which  can  be  permitted  long  range  research?"     This   implies   the  need  to  establish 
priorities  for  research  programs.     Immediate  research  programs  should  supply  specific 
answers   to  expedite  the  improvement  of  design,   construction  and  quality  control  within 
the  period  of  one  to  two  years.     Long  range  research  programs  should  provide  for  inno- 
vation,  new  design  concepts,   and  new  materials   in  the  period  of  two  to  ten  years. 

In  striving  for  its  objectives,   the  workshop  can  be  instrumental  in  bringing  about 
an  effective,  coordinated  approach  in  future  research  which  will  be  continually 
responsive  to  the  current  pressing  needs  of  improvea  design  for  earthquake  resistant 
masonry  construction. 
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DISCUSSION 
*  *  *  * 

Culver,   Session  Chairman;  National  Bureau  of  Standards: 

Both  our  speakers  this  morning  raised  a  number  of  points  that  perhaps  stimulated  some 
questions  in  your  mind.     At  this   point  I  would  like  to  open  the  discussion  to  questions 
you  might  have  of  the  speakers  or  anything  they  said  that  you  might  want  to  comment  on. 
Let's  be  as  informal  as  possible. 

Mayes,  University  of  California,  Berkeley: 

Just  a  suggestion  with  respect  to  the  first  two  Working  Groups:     From  my  background  I 
don't  think  there  is  sufficient  information  available  right  now  so  that  we  can  split 
those  two  into  two  separate  Working  Groups.     We  are  looking  at  both  groups  to  develop  in- 
formation for  earthquake  resistant  masonry  construction,  recommending  needed  research  to 
alleviate  the  deficiencies,  one  with  respect  to  code  requirements  and  the  other  with  res- 
pect to  design  criteria.     It  seems  to  me  that  those  two  are  extremely  interrelated  and  I 
think  you  would  find  the  two  groups  going  pretty  much  along  the  same  path.     I  would  re- 
commend that  we  combined  those  two. 

Culver : 

We  have  a  number  of  practicing  professionals  in  the  audience,  and  we  have  a  number  of 
regulatory  officials.     Would  anyone  care  to  comment  on  that?     I  think,  based  on  our 
past  experience  at  a  workshop,  one  of  the  reasons  we  wanted  to  get  together  after  we 
break  up  into  the  working  groups  is  to  deal  with  just  the  problem  you  mentioned. 
I  think  you're  going  to  find  v^en  you  get  into  these  working  groups  that  they  start  off 
rather  slowly  and  that  you're  working  with  a  small  group  of  people.    You  will  find  out 
when  you  come  back  the  next  day  that  some  of  the  things  you  were  talking  about,  the  other 
group  was  also  talking  about;  maybe  along  a  different  vein,  but  in  some  cases  there  was 
duplication. 

We  found,   for  example,  at  a  previous  workshop  we  held,  that  maybe  10  percent  of  the 
specific  recommendations  that  were  made  were  duplicative;  two  or  three  groups  had  made 
the  same  recommendation.     This  is  again  another  reason  why  we  want  to  go  through  an  itera- 
tive cycle.     After  the  workshop  is  over  we  plan  to  send  all  of  you  the  sum  total  of  the 
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recommendations  so  that  you  can  see  whether  one  says  essentially  the  same  thing  as  an- 
other only  in  different  language.     You  bring  up  a  good  point,  Ron  [Mayes].     It's  something  that 
we  may  want  to  consider.     We  will  get  into  a  discussion  of  the  particular  Working  Groups 
tomorrow  afternoon  after  the  "formal"  presentations  are  over.     So,   you  all  might  want  to 
consider  the  point  that  Ron  brought  up. 

Noland,   Atkinson-Noland  and  Associates: 

With  respect  to  your  comment,   Ron,    I  think  it  depends  on  what  you  philosophically 
expect  out  of  a  code.     We  struggled  with  this  point  in  the  recent  rewrite  of  the  Denver 
code  and  the  question  is,   "How  much  criteria  do  you  build  into  a  code,   or  is  a  criterion 
a  criterion?" 

I  personally  feel  that  the  code  should  contain  the  requirements.     The  design  criteria, 
perhaps  are  the  body  of  information  that  allows  you  to  meet  those  requirements.       Most  of 
the  present  codes  do  contain  a  lot  of  design  criteria  and  I'm  not  sure  this  is  quite 
right. 

Clough,  University  of  California,  Berkeley: 

I  wanted  to  ask  Mr.  Yorkdale  a  question  about  his  presentation.     The  point  was  brought 
up  several  times  that  he  was  seeking  a  rational  approach  to  developing  codes  and  design 
criteria;  and  at  the  same  time,  he  kept  indicating  that  when  the  earthquake  requirements 
came  in,   this  apparently  made  it   impossible  to  retain  the  rational  approach  to  adopt  a 
empirical  approach.     I  was  wondering  if  you  could  go  into  some  detail  on  why  the  seismic 
criteria  require  that  they  drop  a  rational  approach  and  adopt  the  empirical  approach. 

Yorkdale,   Brick  Institute  of  America: 

Professor,   I  don't  necessarily  think  that  it  is  required.     I  think  that  this  has  been 
a  method  that  has  been  used  because  of  our   ignorance  of  the  behavior  of  the  material.  I 
think  that  we  have  written  a  great  deal  of  construction  requirements  into  the  design 
standards  which  I  disagree  with,   philosophically  at  least.     I  think  that  this  has  been  a 
way  to  assure  ourselves  that  the  buildings  are  going  to  perform  as  we  wish  them  to.  I 
don't  necessarily  think  that  it  is  required  or  necessary.     I  believe  that  it  has  been  a 
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way  to  get  the  job  done  with  a  lack  of  information  at  the  present  time.     I  don't  think 
that  it  is  inherent. 

C lough: 

What  specific  features  of  the  code  are  established  essentially  by  the  empirical  and 
what  kind  of  data  are  needed,  or  techniques  would  be  needed  to  be  developed,  in  order  to 
make  those  more  rational? 

Yorkdale : 

Very  quickly,  off  the  top  of  my  head,   the   first  one  I  can  think  of  would  be  the 
requirements   for  the  area  of  steel.     As  Bob   [Crist]   mentioned  a  few  minutes  ago,   it  seems 
to  me   that  if  we  knew  more  about  the  behavior  of  the  material  and  certain  other  configura- 
tions,  perhaps  of  steel  or  steel  reinforcing,   that  we  could  get  away  from  the  minimum 
requirements   for  steel  such  as  maximum  spacing,   etc.,   that  preclude  the  design.     You  end 
up  checking  the  stresses  against  what  is  required  by  the  code  rather  than  designing  the 
structure.     (That  is  the  first  example  I  can  think  of  off  the  top  of  my  head.) 

No land : 

Bob  [Crist],   it  seems  that  one  key  ingredient  in  the  whole  process  that  has  been 
giving  fits,   around  this  area  at  least,   is  quality  control  practices  and  how  you  control, 
to  some  extent  at   least,  what  is  going  on  in  the   field  so  that  the  engineer  can  have 
a  fair  level  of  confidence  that  what  is  being  built  is  what  he  designed.     Do  you  think 
we  can  address  this  question  somewhere  in  this  conference? 

Crist,   National  Bureau  of  Standards: 

I  would  hope  that  it  would  be  addressed  in  two  of  the  Working  Groups;   for  one,  in 
the  Test  Standardization  and  Material  Properties  Group.     It  was  not  explicitly  stated  in 
the  work  statement   for  the  Working  Groups,   but  quality  assurance,   test  standardization, 
all   fall   into  the  category  of  "What  can  you  provide  on  the  job  for  the  compliance  officer 
in  seeing  that  the  structure  is  put  together  the  way  the  designer  wanted   it?"     With  res- 
pect to  the  second,   I  would  hope  that  in  the  Design  Criteria  Working  Group,   there  would 

51 


be  consideration  of  the  quality  of  inspection,   this  concept  of  different  allowable  stress 
levels  depending  on  the  quality  of  construction  corresponding  to  the  different  levels 
of  inspection. 

Culver : 

I  want  to  add  one  small  point  in  line  with  the  question  you  raised  about 
the  need  to  say  something  about  quality  assurance  that  is  illustrated  by  the  previous 
workshop  I  keep  referring  to.     At  the  hearings  I  mentioned  earlier  in  my  presentation, 
one  of  the  congressmen  from  California  had  a  copy  of  the  recommendations  that  came  out 
of  that  particular  workshop.     He  was  looking  through  them  and  some  were  relatively 
high-sounding  recommendations  that,  really,  only  a  technical  person  could  understand. 
His  comment  was  to  the  effect  that  this  is  nice  but,  these  recommendations  are  grandiose 
and  high-sounding;  where  have  we  touched  upon  the  real  everyday  problems  that  we 
have  in  the  field,  etc.   So  we  don't  want  to  overlook  those  points  in  discussing 
the  recommendations.     It  is  interesting  how  some  of  these  recommendations 
will  come  up  later.     As  Bob  [Crist]  said,  the  work  statement  for  the  task  group 
should  not  constrain  you.     We  want  to  make  sure,  however,  we  don't  go  too  far  off 
in  left  field  and  get  into  things  which  are  extraneous  to  the  subject. 

Hegemier,  University  of  California,   San  Diego: 

My  question  is  directed  to  Mr.  Yorkdale  and  Mr.  Redmond.     This  morning  I  heard  some 
rather  large  numbers,   I  believe,  concerning  gross  national  sales  of  both  brick  and  block, 
something  like  two  billion  dollars  in  the  case  of  brick.     Is  that  correct?     One?  No? 
Something  like  one  billion  in  the  case  of  block.     Is  that  in  the  right  ball  park?  What 
I  would  like  to  know  is,  what  percentage  of  these  numbers  is  presently  going  to  research? 
For  example,  to  be  specific,   for  structural  properties  of  these  materials.     I  don't  mean 
to  be  facetious;  I  really  don't  know. 


52 


Yorkdale: 

That  is  a  good  question  to  answer.     The  figures,   I  believe,  were  the  maximum  gross 
sales   from  the  brick  industry  that  we  have  attained  so   far  —  451  million  dollars;  there 
is  about  a  12-billion  brick  equivalent  prospect.     As   far  as  the  amount  of  this  income 
that  has  been  returned  to  the  industry  is  concerned,   (I'm  guessing,   now,   purely  off  the  top 
of  my  head)   I  would  think  that  the  brick  industry  invests,   totally,   in  association  work 
which  includes  design  standards,   research,   technology,  etc.,   something  near  one  percent. 
That  also  includes  some  promotion  of  this  type  of  thing  or  educational   information.  I 
would  think  something  near  one  percent   for  those  that  are  active  in  the  associations  and, 
as  I  mentioned,   that  represents  about  one  third  of  the  total  companies  or  about  two  thirds 
of  the  total  productive  capacities. 

Crist: 

I  would  like  to  direct  a  question  to  Tom  Redmond  and  Alan  Yorkdale.     I  think  we  talked 

about  this  a  little  bit  when  we  were  discussing  what  they  would  present  at  the  workshop. 

In  planning  research  and  looking  at  how  you  can  use  that  research  in  codes  and  standards, 

the  superposition  of  the  distribution  of  these  dollars  of  construction  in  both  concrete 
and  clay  masonry  onto  a  seismic  map  would  tell  us  a  lot  about  what's  going  on.     Do  we 
have  much  feel  for  this  or  is  there  something  that  is  available  like  that? 

Yorkdale : 

I  can  give  you,   again,   an  off  the  top  of  my  head  estimate  but  I  have  the  figures 
available  and  they  certainly  can  be  superimposed  on  a  seismic  map.     Essentially  90  percent 
of  the  brick  that  is  made  and  used  is  used  from  the  Rocky  Mountains  to  the  East  and  better 
than  70  percent  of  that  is  used  from  the  Mississippi  River  to  the  East.     I  think  this 
probably  indicates  one  of  the  reasons  why  we  have  not  been  terribly  interested  in  seismic 
masonry;    (I  wouldn't  say  "not  terribly  interested")  rather,   why  we  haven't  devoted  as  many 
funds  as  perhaps  should  have  been  devoted  to  it. 
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Redmond,  National  Concrete  Masonry  Association: 

I  think  Al ' s  [Yorkdale]   distribution  figures  would  be  somewhat  relative  also  for  the 
concrete  masonry  industry,  and  I  think  in  our  case,  perhaps  a  little  less  than  one  percent 
west  of  the  Rockies.     I  don't  know  the  figure  east  of  the  Mississippi.     Getting  back  for  a 
minute  to  the  question  by  Gill  Hegemier  that  I  didn't  have  a  chance  to  answer:   in  associa- 
tion work,  we  only  spend  at  this  time  (in  terms  of  at  least  direct  monies)  about  ten  per- 
cent of  our  association  budget  directly  in  research  in  our  own  facilities.     However,  we  do 
try  to  become  active  participants  in  other  research  done  in  other  places.     Of  course  a 
great  deal  of  this  is  federally  funded,  perhaps  not  quite  as  high  a  percent  federally 
funded  in  masonry  as  it  is  in  wood  products  today. 

What  was  the  other  part  of  your  question.  Bob  [Crist]? 

In  terms  of  perhaps  not  seismic  but  in  terras  of  reinforced  masonry,  we  see  an  ever 
increasing  amount  of  it  in  concrete  masonry  (and  I  am  sure  in  clay  masonry  as  well)  with 
the  advent  of  high-rise  load-bearing  construction,  because,  quite  often,  your  wind  loads 
are  just  about  as  critical  as,  say.  Earthquake  Zone  2,  or  3,   loads  might  be  for  some 
particular  building  configurations.     So  I  think  we  are  undergoing  an  ever  increasing  aware- 
ness of  reinforced  masonry  in  the  industry. 

Hegemier : 

Let  me  just  approach  this  question  once  again.     Could  I  obtain  an  estimate  in  terras 
of  an  actual  dollar  amount?     What  are  we  spending  from  the  industry;  that  is,  what  is  the 
industry's  contribution  to  research  corabined  for  brick  and  block? 

Redmond : 

I'm  not  prepared  to  answer  for  the  block  end  of  the   industry  because  I  would  think 
that  you  should  consider  money  from  the  industry  as  coming  from  more  than  just  brick 
producers  or  block  producers.     For  instance,   there  is  a  considerable  amount  of  money  coming 
in  that  will  be  available  and  is  available  for  research,   from  other  groups  such  as  mason 
contractors  and  raasons  themselves.     For  example,  the  Masonry  Institute  of  America  (with 
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Jim  Amrhein  here),  gets  involved  in  quite  a  bit  of  work.     So,   answering  just  in  behalf  of 
the  product  producers,    I  don't  think  this  would  reflect  the  answer  and  I  will  have  to  figure 
it  up  and  try  to  answer  the  question  later  in  the  week.     All  right? 

Yorkdale : 

I  was  just  trying  to  get  you  a  ball  park  figure  to  give  a  feel   for  this.     The  combined 
groups  of  the  masonry  industry  on  a  national  basis,   (I'm  talking  about  the  national  groups, 
not  some  of  the  more  localized  groups;  and  I  don't  know  what  Tom's  [Redmond]   budget  is) 
have  recently  spent  on  national  problems  approximately  $125,000  to  $150,000  in  the 
last  two  and  one  half  years.     Now  in  addition,   the  Brick  Institute  (formerly.  Structural 
Clay  Products  Institute  and  before  that.   Structural  Clay  Research  Foundation)  used  to  spend 
upwards  of  $95,000  to  $100,000  per  year  in  our  own  laboratory  in  addition  to  what  we 
farmed  out  or  used  as  seed  money  for  other  research  in  universities,  at  other  laboratories, 
and  in  combined  work.   But  I'm  like  Tom;  I  can't  give  you  a  total.     I  just  don't  know 
what  it  is,  frankly. 

Culver : 

I  note  that  there  seems  to  be  one  interesting  thread  going  through  the  course  of  the 
conversation  and  I  think  this  is  why  we  structured  this  morning's  session  this  way  -  to 
give  a  perspective  overview.     You  will  all  be  grappling,  this  week,  with  "How  important 
are  the  problems?"     Bob  [Crist],  talked,   first  of  all,  about  the  priority  order  of 
problems  in  the  masonry  area.     This  is  one  of  the  things  we  are  looking  for.  This 
particular  workshop  is  directed  towards  seismic  resistant  masonry  construction. 
But  I  think  one  of  the  things  that  we  all  hope  would  come  out  of  this  is  a  priority 
listing  —  "putting  the  problem  in  perspective",   so  to  speak.     That  is  what  all  the 
speakers  were  addressing  this  morning.     Now  you  can  attempt  to  do  this  in  all  sorts  of 
ways  -  dollar  volume,  square  footage,  regionalization,  etc.,  etc.     What  we  need  to 
consider  is:     What  are  the  problem  areas  in  masonry?  -  Can  we  prioritize  them?  -  If  so, 
let's  attempt  to  do  so.     There  are  many  other  competing  national  needs  and  we  need  to  point 
out  just  how  important  this  particular  problem  is. 
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Yorkdale : 

One  other  thing  I  wanted  to. point  out  on  this  (and  I  forgot  to  say  it)  was  that  (if  we 
could  believe  Arthur  D.  Little's  survey  and  report)  masonry  materials  still  represent  only 
somewhere  in  the  neighborhoood  of  15  to  16  percent  of  total  masonry  construction  cost;  so, 
we  can't  do  it  all.     That  is  the  only  thing  I  was  suggesting. 

Clough: 

I  would  like  to  come  back  to  a  point  that  Mr.  Redmond  made  which  was  that  in  high- 
rise  buildings  in  Zones  2  and  3  the  wind  loading  may  well  be  as  critical  or  more  critical 
than  the  seismic.     This,  of  course,   is  a  conclusion  one  can  draw  according  to  the  particu- 
lar code  that  one  happens  to  be  looking  at.     However,   I  would  like  to  emphasize  that  the 
code  requirements  which  are  frequently  indicated  for  seismic  design  are  way  below  actual 
earthquake  input  to  structures;  and  consequently,  even  though  one  concludes  that  the  wind 
may  be  the  critical  code  condition,  the  thing  that  is  actually  the  most  hazardous  as 
far  as  the  structure  is  concerned,  is  likely  to  be  the  earthquake.     I  hope  in  this  meet- 
ing that  we  will  not  just  look  at  what  the  code  says  the  earthquake  is,  but  recognize 
the  real  relative  input   from  earthquake  versus  wind  or  whatever  kind  of  loading  mechanism 
we  might  have. 

Scalzi,  National  Science  Foundation: 

Looking  at  Groups  1  and  2  and  the  amount  of  discussion  that  is  going  on  about  brick 
and  concrete  block,   I'm  wondering  if  there  shouldn't  be  a  couple  of  subcommittees  to  treat 
the  materials  separately;  or,   I  will  ask  the  question,   "Are  they  similar  enough  so  that 
they  can  be  treated  together?"     I  think  this  might  bring  up  some  differences  or  similarities 
between  the  two  products. 

Mayes : 

I  think  the  problems  that  have  to  be  solved  are  similar  enough.     I  think  the  results 
you  will  get   from  solving  those  problems  may  be  different   for  the  two  materials  but,  right 
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now,  I  think  they  are  both  at  a  stage  where  they  both  need  the  same  amount  of  work  developed 
for  them. 

Culver : 

One  comment  I  might  make,   (this  is  just  my  own  personal  view)   regards  the  kinds  of 
recommendations  we  want  to  try  to  come  up  with  at  this  workshop.     I  think  you  have 
to  be  careful  of  the  two  extremes.     First  of  all,   if  you  go  to  the  one  extreme  and  just 
have  really  extreme  broad  generalities,  that  is  not  going  to  serve  the  purpose; 
but  by  the  same  token,   if  we  go  to  the  other  end  of  the  spectrum  and  say  that 
a  particular  series  of  tests  should  be  run  with  reinforcing  spaced  at  twenty-two 
inches  on  centers,  under  loads  of  x,  y,  z,   I  think  that  is  too  far  the  other  way,  too. 
We  have  to  be  careful  to  try  and  strike  some  happy  middle  ground  with  the   idea  being 
that  these  recommendations  need  to  be  useful   to  a  broad  spectrum  of  people,  not  only 
the  National  Science  Foundation  researchers,  but  also  code  officials,  etc.     Let's  be 
careful   that  we  don't   fragment  ourselves  to  much.     That  is  my  only  general  observation. 

Gabrielsen,  San  Jose  State  University: 

I  would  like  to  ask  Al   [Yorkdale]   a  question  about  the  rational  approach  or  quite  what 
he  means  about  it?     Is  the  empirical  approach  irrational?     Am  I  to  infer  that?     When  I 
think  of  an  empirical  approach  I  think,   for  example,   that  ultimate  strength  design 
of  concrete  is  very  empirical.     We  ran  a  lot  of  tests   (Whitney  did)  and  now  we  have 
some  nice  formulas  in  a  text  book.     That  doesn't  make  it  rational;  its  empirical.     It  is 
a  good  procedure   for  predicting  performance  of  a  beam.     As  such,    I  don't  see  things  that 
are  negative  about  empirical  techniques.     That  is  my  question:     Is  empirical  necessarily 
irrational? 

Yorkdale: 

I  think,  maybe,    I  agree  with  you.     I  think  we  are  playing  a  game  of  semantics  here, 
a  little  bit.     The  empirical  design,    I  believe,   that   I,   at  least,     would  like 
to  see  us  get  away  from  is  the  case  that  if  you  are  going  to  build  a  wall  thirty-five 
feet  high  it  has  to  be  at  least  twelve   inches  thick  of  solid  brick;  and  if  it  is  going  to 
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go  seventy  feet  high  it  has  to  be  sixteen  inches  at  the  bottom,  and  the  top  thirty-five 
feet  can  be  twelve  inches;  and  you  have  to  have  lateral  support  at  twenty  times  the  thick- 
ness in  at  least  one  direction,  not  two.   (You  could  go  up  forever  with  lateral  support 
just  in  one  direction).  This  is  the  type  of  thing.   I  don't  believe  that  all  of  the  straight 
design  of  concrete  is  anything  near  that.   I  believe  that  if  we  try  to  test,  or  examine, 
or  duplicate  all  of  the  possibilities  for  the  empirical  design  approach  that  I  am  talking 
about,   it  would  take  us  several  hundred  years  to  do  it.     I  believe  that  we  can  learn 
about  material  behavior  as  was  done  in  concrete  and  that  we  can  apply  some  common  semse,  if 
you  will,  to  that  and  come  up  with  similar  types  of  formulas  that  would  be  more  rational, 
at  least  in  their  results  and  applications.     (That  is  a  bad  answer  I'm  afraid.) 

Hildebrandt,   City  of  Phoenix: 

At  the  risk  of  robbing  myself  of  a  few  things  I  would  like  to  say  tomorrow  when  my 
turn  comes,  I  would  like  to  tag  onto  a  couple  of  things  that  have  been  said  from  a  code 
viewpoint.     The  matter  of  whether  we  call  something  empirical  is  not  so  important,   in  my 
view,  as  how  it  is  applied  in  code;  and  perhaps  we  are  hung  up  with  words.     You  have  to 
make  up  you  mind,  in  a  code  provision,  whether  it  is  going  to  be  prescriptive  or  end  result, 
and  almost  always,  people  say  we  want  an  end  result  code.     The  minute  you  write  one  like 
that  you  have  sixty-seven  people  on  your  back  wanting  you  to  tell  them  how  to  do  it.  I 
think  that  is  the  difference  we  see  when  we  talk  about  the  empirical  approach  versus  the 
rational  approach.     If  we  are  going  to  devote  part  of  our  time  here  to  coming  up  with 
suggested  code  revisions  and  provisions,   I  think  that  the  code  enforcement  people  will  go 
with  either  empirical  or  rational,  but  somebody  has  to  tell  us  where  to  draw  the  line. 
Getting  back  to  the  just  previous  question  of  perhaps  trying  to  be  more  specific  in  separat- 
ing how  we  address  ourselves  to  the  points  here,   I  would  like  to  strike  a  blow  for  not 
doing  that,  because  I  think  our  move  has  to  be  to  condense  and  combine  code  requirements 
rather  than  proliferate  them  forever  or  we  are  going  to  need  a  wheelbarrow  to  carry  our 
code  books  around.     Let's  talk  about  unit  masonry  -  and  they  can  make  it  out  of  organic 
products,   brick,  clay,  concrete  or  anything  -  but  let's  make  it  something  that  has  an 
engineering  basis  and  then  tack  code  provisions  on  the  whole  schmeer,   in  so  far  as  we  can. 
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Fintel,   Portland  Cement  Association: 

I  would  like  to  add  some  comments  to  this  discussion  of  empirical  versus  rational. 
I  believe  that  masonry  construction  has  been,   over  the  years,   kind  of  a  stepchild  of  the 
structural  engineering  development.     If  you  compared  it,    let's  say,   to  the  ultimate 
strength  design  in  reinforced  concrete,   it  is,   in  a  way,   empirical.     However,   it  is 
rational  because  it  is  based  on  structural  mechanics   for  the  behavior  of  the  material, 
while  all  the  developments  in  masonry,   basically,   were  developed  on  experience  without  a 
theoretical  basis  of  such  -  or,  mechanics. 

Sears,  Veterans  Administration: 

I  believe  the  gentleman  from  Phoenix  really  answered  my  question  but  there  is  one 
other  little  thing  that  I  might  say.     It  appears  to  me  that  there  is  empiricism  all  the 
way  through  building  design  even  though,   interspersed,   there  is  a  lot  of  rational  approach. 
Really,  our  loads  in  the  buildings  themselves  are  very  empirical  -  not  entirely,  but 
quite  a  bit. 

*  *  *  * 
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This  paper  describes  the  scope  of  the  seismic  research  program  that  has 
been  ongoing  at  the  Earthquake  Engineering  Research  Center,  University  of 
California,  Berkeley  since  September,  1972.    The  program  currently  has  two 
major  parts.    The  first  is  an  experimental  and  analytical  study  of  multistory 
buildings  and  the  second  is  an  experimental  study  of  housing  construction.  A 
summary  of  results  of  tests  completed  to  date  is  included  together  with  a 
description  of  tests  currently  in  progress  and  those  planned  in  the  near 
future. 

Key  Words:    Masonry,  seismic,  shear  walls,  houses,  research,  spandrel  beams, 
piers,  connections. 

1 .  INTRODUCTION 

A  masonry  research  program  was  initiated  at  the  Earthquake  Engineering 
Research  Center,  University  of  California,  Berkeley  in  September  1972  and  has 
continued  for  the  past  four  years.    The  program  currently  has  two  major  parts. 
The  first  is  an  experimental  and  analytical  study  of  multistory  masonry 
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buildings, and  the  second  is  an  experimental  study  of  masonry  housing  construc- 
tion. 

The  program  on  multistory  buildings  has  been  in  progress  for  four  years 
and  consists  of  three  major  parts.    The  first,  which  has  been  completed,  is  a 
series  of  seventeen  in-plane  shear  tests  on  a  double-piered  test  specimen.  The 
second,  which  is  in  progress,  consists  of  a  series  of  eighty  in-plane  shear 
tests  on  a  single-pier  test  specimen.    The  third,  which  is  planned  to  begin  in 
September  1977  consists  of  a  series  of  tests  on  spandrel  girders.    In  addition 
to  this  experimental  work,  recent  Uniform  Building  Codes  have  been  evaluated  to 
determine  their  adequacy  in  protecting  masonry  structures  against  severe  damage 
or  collapse  in  an  earthquake.    This  study  is  presented  in  another  paper  in 
these  proceedings  and  in  reference  (1). 

The  program  on  housing  construction  has  been  in  progress  for  nine  months 
and  is  currently  planned  to  consist  of  two  major  sections,  both  of  which  will 
begin  in  May  1977.    The  first  section  consists  of  a  series  of  shaking  table 
tests  on  panels  of  a  masonry  house;  the  second  consists  of  a  series  of  tests  on 
typical  connection  details  of  masonry  housing  construction. 

Details  of  these  programs  will  be  described  in  more  detail  in  the  fol- 
lowing sections,  although  it  is  not  possible  in  this  paper  to  give  the  complete 
set  of  results  for  work  completed. 

2.      MULTISTORY  MASONRY  TEST  PROGRAM 

After  an  extensive  review  of  literature  [2,3]  dealing  with  earthquake 
resistance  of  masonry,  it  was  concluded  that  exterior  wall  panels  penetrated 
by  numerous  window  openings  (Fig.  1)  were  the  components  of  multistory  masonry 
buildings  most  frequently  damaged  in  earthquakes,  and  it  was  decided  to  make  an 
experimental  study  of  the  seismic  behavior  of  such  components.    A  testing  fix- 
ture was  designed  to  subject  typical  full-scale  window  piers  to  combined  static 
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vertical  (gravity)  and  cyclic  lateral  (seismic)  loads  (Fig.  2),  and  the  stiff- 
ness and  strength  of  a  series  of  17  double-pier  wall  panels  were  measured 
(Fig.  3).    Results  of  these  tests  [4,5]  indicated  significant  variations  of 
the  pier  behavior  with  the  various  test  parameters--dimensions ,  types  of  rein- 
forcing, rate  of  loading,  etc. --but  the  results  were  not  conclusive  and  demon- 
strated the  need  for  more  extensive  tests  to  establish  definitive  parametric 
relationships. 

The  cost  of  the  two-pier  tests,  both  in  money  and  in  time,  precluded 
carrying  out  the  extensive  parametric  variations  which  are  needed  by  this  test 
procedure;  consequently  a  single-pier  test  system  was  devised  which  greatly 
simplified  the  investigation  (Fig.  4).    Preliminary  studies  showed  that  single- 
pier  results  could  be  obtained  which  were  comparable  to  the  two-pier  tests; 
hence  a  large  number  of  single-pier  tests  were  planned  for  1976-77. 

Details  of  both  the  double  and  single-pier  test  programs  are  discussed 
in  the  following  sections. 

2.1    Double-Pier  Tests 

The  primary  shear  resisting  elements  of  multistory  reinforced  masonry 
buildings  are  vertical  cantilever,  coupled  or  perforated,  shear  walls  such  as 
those  shown  in  Fig.  1.    The  smallest  structural  components  of  interest  in 
the  perforated  shear  walls  are  the  single  or  double-pier  elements  circled  in 
Fig.  1.    A  complete  understanding  of  the  earthquake  behavior  of  these  elements 
will  be  of  great  help  in  developing  a  more  realistic  model  of  an  entire  perfor- 
ated shear  wall  and  also  will  aid  in  understanding  the  behavior  of  the  coupled 
and  cantilever  shear  walls.    The  advantages  of  the  double-pier  element.  Fig.  3, 
are  the  realistic  boundary  conditions  which  are  provided  for  the  piers,  and 
the  ability  of  the  panel  to  represent  reversal  of  the  overturning  moment  when 
subjected  to  a  cyclic  load.    The  major  disadvantages  of  such  test  specimens  are 


62 


the  time  and  cost  involved  in  their  construction  and  testing,  as  compared  with 
a  single  pier. 

The  double-pier  test  program  consisted  of  seventeen  tests  on  specimens 
whose  dimensions  are  shown  in  Fig.  3,  utilizing  the  test  set-up  shown  in  Fig.  2. 
Information  that  was  determined  from  the  test  program  included:    a)  yield  and/ 
or  ultimate  strengths;  b)  mechanism  of  failure;  c)  hysteresis  characteristics; 
d)  ductility;  e)  stiffness  degradation;  and  f)  energy  absorption  characteris- 
tics. 

Typical  hysteresis  loops  are  presented  in  Figs.  5  and  6.    To  interpret 
and  compare  the  results  of  the  hysteresis  loops,  several  indicators  were 
determined  from  the  plots  as  follows: 

(a)  Peak  Ultimate  Loads  -        and  P^^- 

These  are  the  maximum  loads,  in  each  direction,  that  were  attained  during 
a  test. 

(b)  Average  Ultimate  Loads  -  P-j  and  P2. 

The  loads  P-j  and  P2,  in  each  direction,  were  approximately  90%  of  the 
mean  of  the  peak  ultimate  loads;  they  were  maintained  for  more  than  one  cycle 
of  input  displacement. 

(c)  Working  Ultimate  Load  -  P^. 

P^  was  chosen  as  the  load  at  which  the  first  visible  cracks  formed  in  the 
piers.    P^  varied  between  70  and  80%  of  the  mean  of  the  peak  ultimate  loads. 

(d)  Ductility  Indicators  -  6^  to  6^. 

Ductility  indicators  associated  with  P-j ,       and  P^  were  defined  to  give  an 
indication  of  the  displacement  range  over  which  loads  P-^,  P2  and  P^  were  main- 
tained.   6.|  and  6^  are  associated  with  the  average  ultimate  strengths  P^  and  P^. 
and  are  defined  as  the  ratio  of  the  displacement  at  which  the  pier  can  no 
longer  withstand  the  lateral  load  P,  or  Pp  to  the  displacement  at  which  P,  or  P, 
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is  first  attained.  6^  and  6^  are  similar  ratios,  in  each  direction,  associated 
with  the  load  P^. 

P^l ,  P^2'  P] '  ^2        '^3        indicated  in  Fig.  5.    The  mean  of  the  loads 

P^l  and  P^2'  the  mean  of  the  loads  P-^  and  P^,  and  P^  and  their  respective  shear 

strengths  based  on  the  gross  area  of  192  sq.  in.  are  listed  in  Table  1. 

do  dy  d^  do 

6^  to  6^  are  defined  as  6i  =  ^  ;  "^2  ^  d"^  '  "^3  ~  d  ^4  ~  d^  where  d^  to 

2  6  1  ^ 

d^  are  defined  in  Fig.  6. 

A  surmary  of  the  test  results  obtained  from  the  hysteresis  loops  is  pre- 
sented in  Table  1  and  the  complete  set  of  results  is  presented  in  References 
(4,5).    One  of  the  most  important  parameters  with  respect  to  the  seismic  resist- 
ance of  the  piers  is  the  ductility. 

A  note  of  caution  is  made  at  this  point  with  respect  to  the  ductility 

indicators,  in  that  they  cannot  be  considered  in  isolation  when  evaluating 

the  inelastic  performance  of  the  piers.    First,  the  initial  displacement  at 

d   +  dg         6,  +  62 

which  the  ductility  indicators  are  measured   ^    2  

d,  +  d.        6    +  6. 

 2  for  -^—2         (see  Fig.  6  for  the  definition  of  dp  d^,  dg  and  dg), 

must  be  used  in  order  to  evaluate  the  displacement  range  over  which  the  duc- 
tility indicators  are  valid.    For  example.  Tests  1  and  8  have  the  same  values 

^1  ^  ^2          ^3  ^4 
of  2         snd   2   Test  8  (Fig.  7)  obviously  has  a  much  more 

desirable  inelastic  behavior.    Secondly,  the  maximum  displacement  the  piers 

can  withstand  before  failure  is  also  important.    For  example,  Tests  9  and  10 

6.  +62         "^3  "^4 

have  reasonably  large  values  of  ^  2         compared  to  Tests  1  and 

2,  but  the  piers  of  9  and  10  completely  collapsed  at  a  lateral  displacement  of 
0.5"  whereas  Tests  1  and  2  did  not  collapse  until  displacing  1.0".    These  two 
factors  illustrate  the  limitations  of  the  ductility  indicators  and  demonstrate 
the  necessity  of  including  with  the  ductility  indicators,  the  displacement 
range  over  which  they  are  valid  and  the  maximum  lateral  displacement  the  piers 
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can  withstand,  in  characterizing  the  ductility  of  the  piers. 

For  a  more  complete  description  of  the  test  results  and  their  correlation 
with  other  work  performed  in  this  area,  the  reader  is  referred  to  references 
4  and  5. 

2.2    Single-Pier  Tests 

During  the  testing  of  the  two-pier  panels,  it  was  found  that  the  test  pro- 
gram was  very  costly,  in  terms  of  both  time  and  money,  and  efforts  were  made  to 
determine  whether  a  test  of  a  single  pier  could  give  equivalent  results.  Using 
the  test  system  shown  in  Fig.  4,  it  was  found  that  the  boundary  conditions  of 
the  two-pier  tests  could  be  simulated  adequately.    As  the  pier  is  displaced 
laterally,  the  hinged  columns  constrain  the  top  of  the  pier  against  rotation 
similarly  to  the  action  of  the  spandrel  girders  of  the  two-pier  test.  The 
correlation  between  the  single  and  two-pier  test  has  been  studied  extensively^^ 
using  displacement  and  strain  gages,  and  the  essential  behavior  mechanisms  were 
seen  to  be  similar. 

Fifty-seven  tests  are  planned  as  the  first  phase  of  the  single-pier  test 
program  (1976-77),  with  variables  shown  in  Tables  2,  3  and  4.    Dimensions  of 
the  test  specimens  are  shown  in  Figs.  8-12;  materials  are  hollow  clay  brick  (25 
tests),  grouted  core  clay  (16  tests),  and  concrete  block  (16  tests).    In  addi- 
tion to  material,  the  principal  test  variables  are  (1)  height:    width  ratio, 
(2)  amount  of  horizontal  and  vertical  reinforcement,  and  (3)  effect  of  full  or 
partial  grouting.    Variables  of  an  additional  sequence  of  23  tests  will  be 
selected  on  the  basis  of  results  of  the  first  phase.    The  ultimate  objective  of 
the  single-pier  tests  is  to  determine  reinforcing  requirements  to  obtain  desir- 
able inelastic  performance  of  the  piers.    Results  similar  to  those  from  the 
double-pier  test  program  will  be  obtained. 

In  conjunction  with  the  single-pier  test  program  a  series  of  diagonal 
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compression  tests  (Fig.  13)  will  be  performed  on  panels  2'-8"  square,  construc- 
ted  with  the  same  masonry  units  and  mortar  and  grout.    The  purpose  of  this 
supplementary  test  program  is  to  determine  whether  there  is  any  significant 
correlation  between  strengths  indicated  by  this  type  of  test  as  compared  with 
the  pier  specimen  tests.    If  such  correlation  can  be  established,  it  will 
greatly  increase  the  significance  of  the  extensive  data  already  available  from 
diagonal  compression  tests. 

2.3    Spandrel  Beam  Study 

As  is  evident  in  Fig.  1,  a  pierced  wall  panel  is  essentially  an  assemblage 
of  window  piers  and  spandrel  beams,  interconnected  by  rectangular  joint  blocks. 
Experience  in  past  earthquakes  had  indicated  that  the  window  piers  were  the 
critically  stressed  elements  in  many  masonry  structures,  but  it  is  apparent 
that  the  spandrel  beams  could  be  critical  if  they  were  more  slender  than  the 
piers.    In  some  cases  the  piers  are  wide  shear  walls  and  the  spandrels  may  be 
heavily  stressed  if  they  serve  to  interconnect  such  shear  walls. 

Accordingly,  it  was  decided  to  make  a  preliminary  study  of  the  spandrel 
girder  problem  during  1976-77.    The  first  phase  of  the  work  will  be  a  litera- 
ture survey  to  determine  what  previous  work  has  been  done  on  this  subject. 
Based  on  the  data  obtained  in  the  survey,  preliminary  planning  of  the  test  pro- 
gram will  be  considered--incl uding  selection  of  appropriate  test  specimens, 
design  of  a  testing  facility  (probably  adapted  from  two-pier  panel  test  facil- 
ity) and  specification  of  the  principal  test  variables. 

3.      MASONRY  HOUSING  CONSTRUCTION 
3. 1  Introduction 

The  basic  purpose  of  the  masonry  research  project  funded  by  the  Department 
of  Housing  and  Urban  Development  is  to  evaluate  experimentally  the  seismic 
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resistance  of  masonry  construction  typical  of  single  family  residential  con- 
struction.   Very  little  research  has  been  carried  out  previously  on  the  seismic 
resistance  of  such  structures,  so  a  major  preliminary  step  was  to  survey  the 
types  of  masonry  houses  built  in  seismic  zones  and  to  identify  the  types  of 

building  components  and  connection  details  most  likely  to  be  damaged  during 
(7  8) 

earthquakes^  '        The  next  step  in  the  research  was  the  planning  of  appropri- 
ate test  procedures  and  the  design  of  suitable  test  specimens  to  demonstrate 
the  effective  seismic  strength  of  typical  structures.    It  is  the  purpose  of 
this  section  of  the  paper  to  describe  and  catalog  the  tests  which  are  to  be 
carried  out  during  this  research  effort,  beginning  in  May  1977. 

Currently,  two  types  of  tests  are  proposed.    These  are  (a)  tests  of  con- 
nection details,  interconnecting  timber  roof  structures  to  masonry  walls,  and 
(b)  shaking  table  tests  of  segments  of  masonry  panels  that  form  the  lateral 
force-resisting  system  of  the  dwelling.    If  the  test  results  of  (b)  indicate 
that  additional  in-plane  shear  tests  or  out-of-plane  flexural  tests  on  seg- 
ments of  a  panel  are  required,  these  will  be  performed  in  1978.    The  tests  are 
planned  to  apply  loads  to  the  test  specimen  in  the  same  way  as  expected  earth- 
quake accelerations. 

A  major  practical  consideration  in  planning  the  test  program  was  the 
relatively  limited  number  of  tests  which  could  be  performed  within  the  budget 
in  comparison  with  the  number  of  test  parameters  which  should  be  considered. 
Consequently,  only  the  most  important  parameters  could  be  varied,  and  rela- 
tively little  duplication  of  tests  could  be  included  to  study  the  variability 
of  results.    In  general,  only  tests  of  connection  details  will  be  carried  out 
in  duplicate.    The  specimens  used  in  each  of  these  duplicated  tests  will  be 
constructed  on  two  different  days  by  different  masons,  in  order  to  assess  the 
variability  of  construction  that  might  be  expected  in  the  field. 

Although  numerous  types  of  masonry  units  are  in  current  use,  only  two 
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types  will  be  used  in  these  tests,  as  follows: 

(a)  Hollow  clay  units  -  6  inches  wide,  4  inches  high  and  12  inches 
long,  with  compressive  strength  of  7,000  psi  calculated  on  the 
gross  section  area. 

(b)  Hollow  concrete  block  units  -  6  inches  wide,  4  inches  high  and  16 
inches  long,  with  compressive  strength  of  1,000  psi  calculated  on 
the  gross  section  area. 

Mortar  to  be  used  in  all  test  specimens  will  be  standard  Type  S  of  the  Uniform 
Building  Code  with  proportions  IC:  hi:  4%S.    The  grout  for  filling  cells  will 
be  the  standard  IC:  3S  mixture  for  concrete  block  and  IC:  3C:  2h  Pea  Gravel 
(<  3/8")  for  clay  brick. 

The  reinforcement  was  planned  for  the  test  specimens  according  to  the 
philosophy  that  future  reinforcement  requirements  will  be  no  more  severe  than 
current  Uniform  Building  Code  requirements  for  partial  reinforcement.  Conse- 
quently, the  test  panels  for  the  shaking  table  tests  have  either  no  reinforce- 
ment or  partial  reinforcement,  such  as  is  specified  by  the  Uniform  Building 
Code  (as  well  as  other  codes).    Specifically,  in  the  partially  reinforced 
panels  reinforcement  is  to  be  provided  around  the  edges  of  all  openings,  and 
vertical  bars  will  be  placed  at  8-foot  centers  on  large  panels. 

Connection  Tests 

The  connection  test  program  is  designed  to  determine  the  ultimate  capacity 
and  mode  of  failure  of  typical  connections  used  in  masonry  housing  construction. 
The  connection  of  timber  roof  systems  to  masonry  walls  is  one  of  the  most  im- 
portant details.    Figure  14  shows  a  typical  connection  of  sloping  roof  struc- 
ture to  the  top  of  a  masonry  wall,  while  Fig.  15    shows  the  attachment  of  the 
gabled  end  of  a  sloping  roof  structure  to  the  top  of  a  masonry  wall.    Figure  16 
shows  the  attachment  of  a  flat  roof  to  the  inner  face  of  the  wall  by  means  of 
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a  ledger. 

Two  types  of  tests  will  be  performed  to  evaluate  the  strength  of  the  con- 
nection of  the  timber  roof  system  to  the  top  of  the  wall  (Fig.  17).    These  are 
characterized  by  the  principal  load  components  acting  in  the  plane  of  the  wall 
and  out  of  the  plane  of  the  wall.    In  planning  the  tests,  it  has  been  assumed 
that  the  critical  connecting  elements  are  the  bolts  and  other  metal  connectors, 
and  their  contact  with  the  timber  and  masonry.    The  masonry  components  them- 
selves are  assumed  to  have  more  than  adequate  strength,  so  these  have  not  been 
simulated  in  the  tests  with  great  detail.    The  test  specimen  for  the  in-plane 
and  out-of-plane  tests  is  shown  in  Fig.  17.    The  test  set-up  for  the  in-plane 
tests  is  shown  in  Fig.  18.    The  test  specimen  includes  the  top  plate  and  bolts, 
which  is  loaded  through  a  horizontal  plywood  element  simulating  the  roof  dia- 
phragm.   Initially  only  one  type  of  bolt  embedment  will  be  used--a  5/8  inch 
bolt  anchored  8  inches  into  the  wall  with  a  2  inch  90°  bend.    If  failure  occurs 
either  in  the  masonry  wall  or  in  the  bolt,  these  will  be  varied  in  additional 
tests. 

The  test  set-up  for  the  out-of-plane  tests  is  shown  in  Fig.  19.    Again  if 
failure  occurs  either  in  the  masonry  wall  or  in  the  bolt,  both  will  be  varied 
in  additional  tests. 

The  test  specimen  for  the  out-of-plane  tests  on  the  gabled  end  connection 
detail  is  shown  in  Fig.  15.    The  test  set-up  for  these  tests  will  be  that 
shown  in  Fig.  19.    For  the  ledger  connection  detail,  only  out-of-plane  force 
will  be  the  same  as  that  used  in  the  previous  out-of-plane  tests--Fig.  19.  For 
the  detail  in  which  the  roof  joints  connect  to  the  ledger  plate,  three  variables 
will  be  tested.    The  first  will  be  as  shown  in  Fig.  20  with  a  5/8  inch  bolt  and 
washer.    In  the  second  the  washer  will  be  replaced  with  a  1/4  inch  by  6  inch  by 
2  inch  plate.    In  the  third,  a  1/4  by  2  inch  wide  Simpson  Strap  shown  in  Fig. 
16,  will  be  used  with  the  5/8  inch  bolt  and  washer.    For  the  flat  roof  detail 
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in  which  only  the  plywood  is  connected  to  the  ledger,  the  test  specimen  is 
shown  in  Fig.  21.    The  same  three  variables  used  with  the  joists  will  be  used 
in  those  tests. 

Shaking  Table  Tests 

The  shaking  table  test  program,  which  will  be  performed  concurrently  with 
the  connection  tests,  is  envisioned  as  a  type  of  proof  test.    Segments  of 
masonry  walls  of  a  typical  dwelling  will  be  subjected  to  both  in-plane  and  out- 
of-plane  forces  arising  from  realistic  earthquake  loading  conditions.    In  1977 
a  total  of  four  tests  are  planned. 

The  first  test  specimen  is  shown  in  Fig.  22.    Although  simple  in  concept 
it  contains  the  most  important  structural  components:    wall  panels,  corners, 
wall  to  footing  connections,  and  roof  to  wall  connections.    As  shown  in  Fig.  22 
two  of  the  9  ft  by  8  ft  walls  will  be  unreinforced  and  two  will  contain  No.  4 
re-bars  at  the  outside  edges  of  the  walls.    The  re-bar  will  be  dowelled  into 
the  footings.    In  order  to  simulate  the  vertical  and  lateral  loading  conditions 
the  walls  would  be  subjected  to  in  a  normal  dwelling,  added  mass  in  the  form  of 
concrete  blocks  will  be  attached  to  the  roof.    Although  the  sequence  of  loading 
has  not  yet  been  finalized,  three  different  types  of  recorded  earthquake 
motions  will  be  used.    The  earthquake  records  will  be  scaled  and  in  each  test 
sequence  the  magnitude  will  be  increased  until  either  failure  occurs  or  the 
limits  of  the  shaking  table  are  reached.    If  failure  does  not  occur,  two  addi- 
tional series  of  tests  will  be  performed  with  the  same  specimen.    First  the 
roof  structure  will  be  rotated  90  degrees.    In  the  first  series  of  tests  the 
in-plane  shear  forces  will  be  transferred  through  the  roof  diaphragm  by  the 
sloping  portion  of  the  roof  structure  and  the  out-of-plane  forces  of  the  walls 
will  be  resisted  by  the  gabled  end  of  the  roof  structure,    By  rotating  the  roof 
structure  90  degrees,  this  sequence  of  load  resistance  will  be  reversed. 
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If  failure  does  not  occur  in  the  second  series  of  tests,  a  third  series 
will  be  performed  in  which  the  rotational  fixity  of  the  footings  will  be 
removed.    As  shown  in  Fig.  22,  the  footings  to  which  the  walls  are  attached 
are  anchored  both  horizontally  and  vertically.    By  removing  the  bolts  that 
connect  the  angles  to  the  concrete  footing,  the  footings  will  lose  their  rota- 
tional fixity  and  thereby  approach  actual  field  conditions. 

The  details  of  the  remaining  three  test  specimens  will  not  be  finalized 
until  the  first  test  is  completed.    Variables  that  may  be  included  are  (a)  the 
introduction  of  torsion  using  non-syrmetric  wall  panels,  (b)  the  use  of  differ- 
ent masonry  units,  and  (c)  different  amounts  of  reinforcement  including  non- 
dowel  led  vertical  reinforcement.    As  a  final  proof  test  the  specimen  shown  in 
Fig.  23  will  be  used. 
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TABLE  2:    HOLLOW  CLAY  BRICK  MALLS  (HCBR)  (See  Figs.  8-10) 
Unit  W:L:H  =  8"  :  12"  :  4" 


Name 
of 
Tests 

.H/D 
Ratio 

Bearing 
Load 
(kips) 

Reinforcement 

Grouting 
F:  fully 
P:  partial 

Expected 
Fai 1 ure 
Mode 

Loading 
Rate 
s:  static 
d:  dynamic 

Vertical 

tlori- 
zontal 

HCBR-n-1 

1:1 

Minimal 
(50  psi) 

NO 

NO 

F 

Shear 

D 

-2 

1, 

P 

II 

II 

-3 

„ 

II 

1  -  #5 
(Totl .  2  -  #5) 

II 

F 

,1 

D 

-4 

n 

1, 

1  -  #5 

M 

,1 

II 

-5 

1, 

II 

II 

P 

1, 

II 

-6 

„ 

„ 

„ 

5  -  #5 

F 

Flexure 

S 

-7 

„ 

„ 

„ 

1, 

II 

D 

-8 

,1 

,1 

1  -  #8 
(Totl .  2  -  #8) 

NO 

1, 

Shear 

II 

-9 

1, 

,1 

II 

P 

,1 

M 

-10 

„ 

1, 

„ 

2  -  #5 

F 

II 

M 

-11 

,1 

,1 

„ 

P 

II 

II 

-12 

M 

II 

„ 

5  -  #6 

F 

Flexure 

S 

-13 

„ 

1. 

II 

1, 

II 

II 

D 

HCBR-21-1 

2:1 

,1 

NO 

NO 

F 

Shear 

D 

-2 

„ 

„ 

P 

1, 

II 

-3 

II 

1  -  #5 
(Totl .  2  -  #5) 

F 

Shear  & 

F  1  O  Y  1  IVfi 
r  I  C  At!  1  c 

II 

-4 

1  -  #5 

F 

Flexure 

D 

-5 

P 

-6 

5  -  #5 

F 

S 

-7 

D 

HCBR-12-1 

1:2 

NO 

NO 

F 

Shear 

-2 

1  -  #5 
(Totl.  3-  #5) 

II 

-3 

M 

2  -  #5 

II 

II 

-4 

II 

5  -  #6 

Flexure 

-5 

1  -  #7 
(Totl.  3-  #7) 

3  -  #6 

Shear 
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TABLE  3:      GROUTED  CORE  BRICK  WALLS  (See  Figs.  8-10) 
Unit  W:L:H  =  3"  x  12"  x  4"  (Wall  W  =  9") 


Name 
of 
Tests 

.H/D 
Ratio 

Bearing 
Load 
(kips) 

Reinforcement 

Grouting 
F:  fully 
P:  partial 

Expected 
Failure 
Mode 

Loading 
Rate 
s:  static 
d:  dynamic 

Vertical 

Hori- 
zontal 

CBRC-n-1 

1:1 

Minimal 
(50  psi) 

NO 

NO 

Solid 

Shear 

D 

-2 

1  -  #5 
(Totl.  2-  #5) 

-3 

M 

" 

1  -  #5 

" 

" 

" 

-4 

" 

" 

5  -  #5 

" 

Flexure 

" 

-5 

1  -  #8 
(Totl.  2-  #8) 

NO 

Shear 

-6 

" 

n 

2  -  #5 

" 

" 

" 

-7 

" 

II 

5  -  #6 

Fl exure 

CBRC-21-1 

2:1 

NO 

NO 

Shear 

"  -2 

1  -  #5 
(Totl.  2-  #5) 

-3 

11 

n 

1  -  #5 

Shear  & 
Flexure 

-4 

ri 

5  -  #5 

Flexure 

CBRC-12-1 

1:2 

NO 

NO 

Shear 

-2 

II 

1  -  #5 
(Totl.  3-  #5) 

-3 

II 

2  -  #5 

II 

-4 

II 

II 

5  -  #6 

Flexure 

-5 

II 

1  -  #7 
(Totl.  3-  #7) 

3  -  #6 

Shear 
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TABLE  4:      HOLLOW  CONCRETE  BLOCK  WALLS  (HCBL)  (See  Figs.  11-12) 
Unit  W:L:H  =  8"  x  16"  x  8" 


Name 

OT 

Tests 

H/D 

Beari  ng 
Load 
(kips) 

Reinforcement 

Grouting 
r :  Tu  1  ly 
P:  partial 

Expected 
Fai 1 ure 
Mode 

Loading 
Rate 

Ra  t  i  0 

Vertical 

Hori- 
zontal 

s:  static 
d:  dynamic 

HCBL-n-1 

1:1 

Minimal 
^  DU  ps  1  y 

NO 

NO 

F 

Shear 

D 

M  n 

D 

r 

-3 

1  -  #5 
(Tot  1 .  2  -  #5) 

II 

F 

11 

"  A 

1  -  #5 

r 

r 

-  D 

D 
r 

-D 

II 

4  -  #5 

r 
r 

Fl exure 

-7 

II 

II 

1  -  #8 
(Totl.  2-  #8) 

NO 

Shear 

,1 

-8 

P 

-9 

2  -  #5 

F 

-10 

P 

-11 

4  -  #6 

F 

Flexure 

HCBL-12-1 

1:2 

NO 

NO 

F 

Shear 

-2 

II 

1  -  #5 
(Totl.  3-  #5) 

-3 

II 

2  -  #5 

-4 

4  -  #6 

Flexure 

-5 

1  -  #7 
(Totl.  3-  #7) 

3  -  #6 

II 

Shear 
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FIGURE  5    DEFINITION  OF  ULTIMATE  FIGURE  7     HYSTERESIS  ENVELOPE 

STRENGTH  (EFFECT  OF  REINFORCEMENT) 
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REINFORCEMENT  DETAILS  FOR  HOLLOW 
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FIGURE  12 


FIGURE  13    DIAGONAL  TEST  SET-UP 
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FLASHING 


*2x  OR  4x  JOISTS 
OR  SIM. 

SIMPSON  OR  SIM 
JOIST  HANGER. 


**3x  LEDGER  W/l/2"</> 
ANCHOR  BOLTS  FOR 
IN-PLANE  SHEAR 


LIGHT  GAGE  STRAP 
(SIMPSON  BRAND  OR  SIM 
OR  FABRICATED)  ANCHORED 
IN  BLOCK  WALL  AND 
NAILED  TO  TOP  OF  JOIST. 
STRAP  WILL  RESIST  OUT 
OF  PLANE  REACTION  OF 
WALL  LATERAL  LOAD  AND 
DISTRIBUTE  IT  TO  ROOF 
DIAPHRAGM. 

THIS  IS  GENERALLY  USED  IN 
UBC  ZONE  3  DWELLINGS 


*THIS  COULD  ALSO  BE  BLOCKING 
IF  JOIST  OR  BEAMS  ARE 
PARALLEL  TO  LEDGER. 


**SPACING  OF  ANCHOR  BOLTS 
DEPENDS  ON  THE  CALCULATED 
SHEAR  VALUE. 


FIGURE  16    CONNECTION  FOR  FLAT  ROOF 
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CORNER  WALL 
(REINFORCED) 


UNREINFORCED  WALLS 


SHAKING 


,CORNER  WALL 
(UNREINFORCED) 


REINFORCED  WALLS 
(2-  #4  RE  BARS) 
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FIGURE  22,    TEST  SPECIMEN  FOR  THE  FIRST  SHAKING  TABLE  TEST 
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FIGURE  23    TEST  SPECIMEN  FOR  THE  FINAL  SHAKING  TABLE  TEST 


90 


EXPECTED  PERFORMANCE  OF  UNIFORM  BUILDING  CODE 
DESIGNED  MASONRY  BUILDINGS 

Ronald  L.  Mayes^^^  Ray  W.  Clough^^^^  Yutaro  Omote^^^^V 

(IV) 

and  Shy-Wen  Chen'  ' 


The  paper  presents  a  summary  of  a  study  on  the  evaluation  of  the  seismic 
design  sections  of  the  1972,  1973,  1974  and  1976  Uniform  Building  Codes,  and 
the  recommended  Comprehensive  Seismic  Design  Provisions  for  Buildings  prepared 
by  the  Applied  Technology  Council  (ATC-3).    In  order  to  evaluate  the  various 
codes  a  three,  a  nine  and  a  seventeen  story  building  of  similar  floor  plan  were 
studied.    The  seismic  design  stresses  were  calculated  in  these  buildings  by  the 
specific  code  procedures  as  well  as  the  stress  state  predicted  by  a  realistic 
dynamic  earthquake  response  procedure.    The  adequacy  of  the  codes  was  then 
evaluated  by  comparison  of  the  two  types  of  stress  predictions. 

The  conclusion  of  the  study  was  that  the  increasing  conservatism  of  the 
more  recent  codes  is  justified  and  that  greater  conservatism  is  necessary  in 
the  most  recent  codes  in  buildings  of  moderate  height,  such  as  the  nine  and 
seventeen  story  buildings  considered  in  this  study. 

Key  Words:    Masonry,  shear  walls;  codes;  dynamic  analysis;  design. 
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1.  INTRODUCTION 


One  of  the  most  difficult  tasks  facing  structural  engineers  today  is  pre- 
diction of  the  performance  of  a  structure  during  an  earthquake.    The  problem 
is  compounded  with  respect  to  masonry  structures  because  of  a  lack  of  experi- 
mental data  on  the  performance  of  masonry  structural  components.    For  this 
reason  it  is  imperative  that  significant  research  data  are  utilized  as  they 
become  available, to  improve  the  reliability  of  masonry  construction  by  continu- 
ally updating  the  building  codes. 

The  problem  of  utilizing  new  research  data  in  evaluating  design  code 

requirements  is  difficult  and  requires  cooperation  of  research  personnel, 

practicing  structural  engineers,  soils  engineers,  and  seismologists  because 

many  facets  of  earthquake  engineering  are  involved.    The  first  significant 

attempt  to  evaluate  the  expected  seismic  performance  of  code  designed  masonry 

structures  was  performed  by  Young  et  al^^^.    They  reported  the  results  of  a 

study  on  the  predicted  behavior  of  two  reinforced  concrete  masonry  multi -story 

(11  and  13  stories)  buildings  when  subjected  to  specified  earthquake  ground 

motions.    The  purpose  of  the  study  was  to  determine  whether  these  structures 

would  experience  severe  damage  if  subjected  to  earthquake  ground  motion  of  an 

intensity  consistent  with  that  which  could  reasonably  be  expected  to  occur 

during  the  planned  life  of  the  structures.    The  authors  concluded  that  the 

buildings  would  be  severely  damaged  and  would  probably  collapse  if  subjected 

to  the  ground  motion  considered  in  the  report, 

A  more  recent  and  broader  contribution  was  made  in  1974  with  the  publica- 

(2) 

tion  of  the  Applied  Technology  Council  (ATC-2)  report^  '  entitled  "An  Evalua- 
tion of  a  Response  Spectrum  Approach  to  Seismic  Design  of  Buildings."  The 
report  addressed  the  problem  "Given  response  spectra  representative  of  damage- 
threshold  and  collapse-threshold  earthquake  ground  motions  at  a  given  site, 
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what  design  procedures  should  be  employed  to  ensure  a  given  structure  an  accept- 
able degree  of  reliability  in  protection  against  damage  and  prevention  of 
collapse?".    The  study  selected  ground  motions  that  were  representative  of  cer- 
tain sites  in  Southern  California  and  adopted  design  procedures  based  on  a 
response  spectrum  approach.    Eleven  existing  buildings  were  chosen  for  redesign 
according  to  these  procedures.    Included  in  the  study  were  a  three-story  and  a 
one-story  masonry  shear  wall  building. 

The  major  problem  involved  in  any  evaluation  of  building  code  requirements 
is  to  define  an  acceptable  starting  point  (i.e.,  input  ground  motions  or 
response  spectra)  and  a  suitable  procedure  for  evaluating  the  safety  of  a  given 
structure.    The  adequacy  of  these  two  definitions  will  determine  the  relia- 
bility of  the  evaluation. 

Because  of  time  and  budget  restraints,  the  scope  of  the  study  reported 

herein  is  limited  to  an  evaluation  of  changes  that  have  occurred  recently  in 

the  seismic  section  of  the  masonry  portion  of  the  Uniform  Building  Code  (UBC) 
(3)  (4) 

^  '  and  in  the  proposed  new  ATC-3  seismic  code^    ,  utilizing  the  response  spec- 
tra defined  in  the  ATC-2  report  and  the  results  of  a  State-of-the-Art  report 

(5) 

on  the  shear  strength  of  masonry  construction  performed  by  the  writers^  . 
Within  these  constraints  the  writers  envisage  this  study  to  be  the  first  part 
of  a  continuing  effort  to  utilize  relevant  research  data  in  evaluating  masonry 
design  codes. 

1.1    Background  and  Objective  of  the  Study 

Because  of  the  continuing  lack  of  relevant  research  information  on  masonry 
structural  assemblages  and  the  associated  uncertainty  in  the  seismic  behavior 
of  masonry  structural  components,  the  UBC  masonry  seismic  design  section  has 
been  changed  substantially  several  times  in  the  past  five  years.    Although  the 
code  allowable  shear  stresses  for  seismic  loads  have  remained  essentially 
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unchanged  (see  Table  1),  the  effective  seismic  design  coefficients  have  under- 
gone considerable  changes,  as  shown  in  Fig.  1. 

The  UBC  static  method  of  obtaining  the  seismic  design  shear  stresses  is  to 
calculate  the  base  shear  V  from  the  formula 

V  =  ZKCW    ,  (1) 

where  Z  is  a  numerical  coefficient  related  to  the  seismicity  of  the  region,  K 

equals  1.33  for  masonry  shear  wall  buildings,  W  is  the  total  weight  of  the 

building  and  C  is  the  seismic  base  shear  coefficient.    According  to  the  1972 

Uniform  Building  Code,  this  coefficient  is  given  by 

0.05 

C  =  ,  (2) 

where  T  is  the  fundamental  vibration  period  of  the  building;  but  in  the  1976 
code  it  has  been  changed  to 

1 

C  =  1.5/r     .  (3) 
Moreover  in  the  1976  UBC,  equation  (1)  has  been  changed  to  include  a  site- 
structure  resonance  coefficient,  S. 

In  both  editions  of  the  code,  the  base  shear  force  V  is  distributed  over 

the  height  of  the  building  according  to  the  formula 

h  w 

i  ' 

where  F    is  the  lateral  force  applied  to  level  "x",  h.  or  h    is  the  height  in 

X  I  X 

feet  above  the  base  to  level  "i"  or  "x",  and  w.  or  w    is  the  portion  of  W  which 

IX 

is  located  at  level  "i"  or  "x".    The  seismic  design  stresses  are  then  obtained 
by  performing  a  static  analysis  of  the  structure  subjected  to  this  force  dis- 
tribution. 

In  the  1972  UBC,  the  effective  value  of  C  is  as  shown  in  curve  1  of  Fig.  1. 
In  the  1973  UBC,  a  footnote  to  Table  24-H  "Maximum  Working  Stresses  for 
Reinforced  Solid  Hollow  Unit  Masonry,"  requires  that  the  shear  stresses 
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obtained  from  seismic  loads  be  doubled  for  design  purposes,  and  in  the  1974 
code  this  factor  of  two  is  reduced  to  1.5.    Thus,  the  seismic  loads  are 
effectively  increased  (for  shear  stresses  but  not  for  overturning  moments)  by  a 
factor  of  2  in  the  1973  code  and  by  1.5  in  the  1974  code.    These  changes  of  C 
are  shown  by  curves  2  and  3  in  Fig.  1.    In  the  1976  UBC,  the  factor  C  is 
replaced  by  CS.    The  factor  of  1.5  still  remains  as  a  footnote  to  Table  24-H 
and  the  effective  design  spectrum  obtained  for  the  maximum  value  of  the  site- 
structure  interaction  factors  S  is  shown  as  curve  4  in  Fig.  1.    The  effective 
design  spectrum  for  the  ATC-3  proposed  seismic  design  code  is  shown  as  curve  5, 
based  on  the  maximum  acceleration  value  of  0.4g  specified  for  Seismic  Zone  4 
and  with 

1.2ApS 

where       is  the  seismic  design  coefficient,       is  a  coefficient  respresenting 
effective  peak  ground  acceleration,  S  is  the  coefficient  representing  the  soil 
profile,  R  is  the  response  modification  factor  and  equals  4  for  masonry  build- 
ings, and  1^  is  a  structural  response  coefficient  related  to  the  fundamental 
period. 

It  is  clear  from  Fig.  1  that  there  has  been  considerable  uncertainty  in 
the  past  five  years  as  to  an  appropriate  design  spectrum  for  masonry  shear  wall 
structures.    Consequently  the  objective  of  this  study  was  to  attempt  to  evalu- 
ate these  and  other  recent  code  provisions  for  masonry  seismic  design.  This 
effort  was  undertaken  after  the  masonry  research  program  at  Berkeley  had  been 
in  progress  for  several  years,  and  was  in  response  to  a  question  that  has  been 
asked  repeatedly:    "In  the  light  of  your  research  results,  should  code  allow- 
able shear  stresses  in  masonry  remain  the  same,  be  increased,  or  decreased?" 

In  order  to  evaluate  various  changes  that  have  been  introduced  in  the 
effective  design  spectra  of  recent  and  proposed  building  codes,  three  masonry 
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buildings  were  studied.    The  seismic  design  stresses  were  calculated  in  these 
buildings  by  the  specified  code  procedures  as  well  as  the  stress  state  pre- 
dicted by  a  realistic  dynamic  earthquake  response  procedure.    The  adequacy  of 
the  codes  was  then  evaluated  by  comparison  of  the  two  types  of  stress  predic- 
tion. 

The  general  approach  used  in  the  procedure  is  outlined.  The  detailed  set 
of  results  can  be  obtained  from  reference  (6). 

2.      EVALUATION  PROCEDURE 

2.1  Selection  of  Buildings 

Three  buildings  with  identical  reasonably  symmetric  floor  plans  and  which 
have  vertical  shear  walls  with  openings  similar  to  those  found  in  many  multi- 
story masonry  buildings  were  selected  for  the  study,  Figs.  2,  3  and  4.  They 
were  three,  nine,  and  seventeen  stories  high,  respectively.    Data  for  the 
buildings  were  obtained  from  the  design  example  presented  in  "Multistory  Load 
Bearing  Brick  Walls,"  a  publication  of  the  Brick  Institute  of  Cal ifornia^^^ . 
The  buildings  were  designed  originally  according  to  the  1968  Uniform  Building 
Code. 

2.2  Code  Seismic  Design  Stresses 

The  calculated  seismic  design  stresses  resulting  from  the  earthquake  loads 

specified  by  the  1972  UBC,  1973  UBC,  1974  UBC,  1976  UBC  and  the  proposed  ATC-3 

Code  for  Zone  3  (Zone  4  after  1974)  were  obtained  by  performing  an  equivalent 

(8) 

first  mode  static  analysis  of  the  buildings  using  the  computer  program  ETABS  . 
The  seismic  design  shear  stresses  and  the  design  vertical  stresses  resulting 
from  overturning  and  dead  load  were  calculated  for  each  wall  panel  of  the  lower 
level  of  the  building. 
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2. 3  Design  Factor  of  Safety 

With  respect  to  the  shear  stresses  resulting  from  the  code  seismic  loads, 
the  design  factor  of  safety,  designated  A,  was  evaluated  as  the  ratio 

^  _    Code  allowable  shear  stress 

Code  calculated  seismic  shear  stress 

where  the  denominator  is  the  shear  stress  described  above,  the  numerator  is 

specified  by  each  code. 

It  is  clear  that  the  minimum  permissible  value  of  A  is  1.0  and  the  higher 

the  value  of  A  the  greater  the  design  factor  of  safety.    A  value  of  A  greater 

than  1.0  may  result  from  including  either  a  larger  number  of  shear  walls  or 

greater  wall  thicknesses  than  might  be  required, 

2. 4  Stresses  Resulting  from  a  Realistic  Earthquake 

The  stresses  determined  by  application  of  the  response  spectrum  specified 
in  the  ATC-2  report^  '  were  evaluated  for  each  of  the  three  buildings.  This 
spectrum  represents  an  earthquake  having  about  a  50%  probability  of  being 
exceeded  in  70  years.    It  was  developed  for  a  typical  site  in  the  Los  Angeles 
area  and  is  based  on  an  inelastic  response  spectrum  concept.    The  spectrum 
chosen  was  the  Damage  Threshold  Spectrum  for  Strength  Determination,  with  a 
ductility  factor  of  1.5  and  a  damping  value  of  5%.    Each  building  was  analyzed 
for  its  response  to  this  input  by  the  method  of  mode  superposition,  using  the 
computer  program  ETABS^    .    The  shear  and  vertical  normal  stresses  resulting 
from  the  realistic  spectrum  were  calculated  for  each  of  the  lower  level  panels. 

2. 5  Simplified  Failure  Criteria 

Although  investigations  are  currently  in  progress  to  determine  a  realistic 
failure  criterion  for  masonry  structural  elements,  it  was  necessary  for  the 
purpose  of  this  study  to  define  a  simplified  failure  criterion  in  order  that 
the  work  might  proceed.    Failure  was  assumed  to  depend  on  the  maximum  tensile 
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stress  developed  in  the  shear  wall  panels.    The  stress  distribution  acting  on 
the  top  and  bottom  sections  of  a  typical  lower  level  panel  is  shown  in  Fig.  5. 
The  normal  and  shear  force  acting  on  the  panel  due  to  dead  load  and  the 
response  spectrum  analysis  were  determined  first;  then  the  resulting  stress 
distribution  was  defined  by  elementary  beam  theory.    Thus  the  vertical  normal 
stress  was  assumed  to  vary  linearly  across  the  panel,  and  the  shear  stress  to 
be  distributed  parabol ically ,  as  shown  in  the  figure.    The  maximum  tensile 
stress  was  assumed  to  occur  at  the  center  of  the  panel,  point  A,  and  was  calcu- 
lated by  means  of  Mohr's  circle  to  be 

=  •^(1.5t)2  +  (V2)2'  -  V2  (7) 
where  ^c  and  1.5t  represent  the  normal  and  shear  stress  on  a  horizontal  section 
at  this  point. 

2.6    Expected  Performance  Based  on  Strength  Measurements 

In  order  to  evaluate  the  expected  performance  of  the  three  buildings  when 
subjected  to  the  realistic  earthquake,  a  critical  tensile  strength  for  the 
lower  level  panels  was  evaluated  from  available  test  data.    Since  no  tests  have 
been  performed  on  test  specimens  of  the  size  of  the  lower  level  panels,  data 
obtained  on  other  types  of  test  panels  were  used.    To  ensure  a  conservative 
evaluation,  the  lower  bound  of  the  available  test  data  was  defined  as  the 
critical  tensile  strength  (Table  2), 

The  expected  performance  of  the  buildings  was  then  expressed  by  the  ratio 
B,  representing  the  expected  factor  of  safety  and  defined  as 

Critical  tensile  strength 

B  =    (8) 

Calculated  principal  tensile  stress 

A  value  of  B  greater  than  1.0  indicates  that  a  panel  would  perform 

adequately  during  the  expected  earthquake,  while  a  value  significantly  less 
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than  1.0  would  postulate  failure  of  that  particular  panel. 

2.7    Evaluation  of  the  Codes 

Although  the  ratios  A  and  B,  given  by  Equations  6  and  8,  represent  the 
design  factor  of  safety  and  the  expected  actual  performance  of  a  particular 
building  subjected  to  a  realistic  earthquake,  they  cannot,  when  considered 
separately,  be  used  to  evaluate  the  various  codes.    This  is  because  the  value 
of  A,  shown  in  Section  2.3  varies  for  each  code  for  a  given  building  design. 
The  ratio  B,  considered  separately,  indicates  the  adequacy  of  a  given  code  only 
when  the  ratio  A  is  the  same  for  all  codes.    However,  the  ratio  B/A  provides  a 
direct  measure  of  a  code's  suitability.    If  B/A  is  greater  than  1.0  the  code 
may  be  considered  adequate,  but  if  B/A  is  less  than  1.0  the  code  may  be  assumed 
to  provide  inadequate  protection  against  severe  damage  or  collapse  during  a 
particular  earthquake. 

3.      DISCUSSION  OF  RESULTS 

A  summary  of  the  B/A  ratios  is  included  in  Table  3  which  shows  that  the 
ratios  B/A  for  all  interior  lov/er  level  panels  of  the  nine  and  seventeen  story 
buildings  are  less  than  one  for  the  72,  73,  74  and  76  Uniform  Building  Codes 
and  the  proposed  ATC-3  Codes.    This  indicates  that  none  of  these  codes  provide 
adequate  protection  against  damage  to  these  buildings  from  the  realistic  earth- 
quake considered  in  this  study. 

The  values  of  B/A  for  the  three  story  building  in  the  76  UBC  and  proposed 
ATC-3  Code  are  greater  than  one  for  three  of  the  six  interior  lower  level 
panels  and  less  than  one  for  the  other  three.    This  suggests  that  within  the 
limits  of  this  study  the  76  UBC  and  proposed  ATC-3  Code  provide  reasonable 
protection  against  severe  damage  in  low  masonry  buildings. 
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In  the  proposed  ATC-3  Code  the  code  allowable  stresses  of  Table  9A  are 
multiplied  by  2.5<J)  where  4'  is  0.6  provided  horizontal  reinforcement  carries  all 
the  shear.    If  ^  were  reduced  to  0.3  the  values  of  B/A  for  three  of  the  six 
interior  lower  level  panels  would  be  greater  than  one  and  less  than  one  for  the 
other  three.    This  suggests  that  if  this  change  were  made  the  proposed  ATC-3 
code  would  provide  reasonable  protection  against  severe  damage  in  masonry 
buildings  of  moderate  height. 

Although  the  study  considered  the  effect  of  a  realistic  earthquake  occur- 
ring in  a  highly  active  seismic  region,  inferences  for  less  seismically  active 
regions  can  be  drawn  from  these  results.    For  example,  in  Seismic  Zone  2  of  the 
Uniform  Building  Code  the  zone  factor  Z  equals  0.5.    The  consequence  of  this 
reduction  in  design  loads  is  an  increase  in  the  ratio  A  by  a  factor  of  2 
because  the  strength  of  the  structure  is  not  changed.    Although  a  representa- 
tive response  spectrum  for  a  typical  site  in  Seismic  Zone  2  was  not  considered 
in  this  study,  it  is  expected  that  it  would  define  significantly  lower  seismic 
loads  than  those  from  the  spectrum  obtained  from  the  ATC-2  study  which  was  used 
here  to  calculate  the  ratio  B.    If  a  representative  spectrum  for  Zone  2  gave 
seismic  coefficients  approximately  half  those  of  the  ATC-2  spectrum,  then  the 
ratio  B  would  be  increased  by  a  factor  of  approximately  2.0.    In  this  case,  the 
increase  in  both  A  and  B  would  cancel  when  the  ratio  B/A  is  calculated. 
Consequently,  the  values  of  B/A  which  are  presented  in  Table  3  for  the  most 
active  seismic  regions  in  the  codes  also  may  be  indicative  of  results  that 
would  be  obtained  for  regions  of  lower  seismic  activity.    To  obtain  a  more 
refined  calculation  of  B/A  for  other  seismic  zones,  a  representative  spectrum 
for  a  typical  site  would  be  required,  but  the  preceding  discussion  shows  quali- 
tatively the  general  applicability  of  the  inferences  drawn  in  this  study. 

In  conclusion,  it  is  apparent  that  the  trend  towards  increasing  conserva- 
tism which  is  evidenced  in  recent  code  changes  concerning  masonry  structures  is 
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justified.  Moreover,  the  study  suggests  that  the  codes  should  be  more  conser- 
vative for  masonry  buildings  of  moderate  height. 
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TABLE  1.     MAXIMUM  ALLOWABLE  SHEAR  STRESSES 
FOR  SEISMIC  LOADS 


Code 

Reinforcement  Taking 
All  the  Shear 

M/V^  >  1  (psi) 
a 

M/V^  =  0  (psi) 
a 

72-UBC 

100 

100 

73-UBC 

100 

160 

74-UBC 

100 

160 

76-UBC 

100 

160 

ATC-3 

112 

180 
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TABLE   2.      RANGE  OF  CRITICAL  TENSILE  STRENGTHS 


DIAGONAL  COMPRESSIVE  TESTS 


BORCHELTS 
FORMULATION 

BLUMES 
FORMULATION 

LOWER 
BOUND 

UPPER 
BOUND 

LOWER 
BOUND 

UPPER 
BOUND 

DOUBLE  WYTHE 

GROUTED 
BLUME  (9) 

175 

425 

130 

210 

SINGLE  WYTHE 

SOLID  BRICK 
BORCHELT  (10) 

175 

620 

85 

410 

HOLLOW  CLAY  BRICK 
BLUME  (9) 

125 

390 

90 

290 

RACKING  TESTS 

UNIFORM  SHEAR 
DISTRIBUTION 

PARABOLIC  SHEAR 
DISTRIBUTION 

DOUBLE  WYTHE 

GROUTED 
PRIESTLEY  (12) 

100 

110 

150 

190 

HOLLOW  CLAY 

BRICK 
WILLIAMS  (11) 

70 

140 

130 

250 

CONCRETE  BLOCK 
MAYES  AND  CLOUGH 
(5) 

80 

180 

130 

230 

All  values  are  based  on  the  net  area. 
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PERIOD  (SECONDS) 


FIGURE  1-  EFFECTIVE  SEISMIC  DESIGN  COEFFICIENTS 
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FIGURE  3- BUILDING  CROSS-SECTION  AND 
WALL  THICKNESSES 


STUDY  CASES 

WALL  THICKNESS 

9  inches 

11  inches 

13  inches 

"A" (3-Story) 

FL  1-FL  3 

"B" (9-Story) 

FL  1-FL  5 

FL6-FL  9 

"C" (17-story) 

FL  1-FL  5 

FL6-FL  11 

FLll-FL  17 

Note:     For  each  case        1      FL.  HT.  =  12'  0" 
Remaining  floors        FL.  HT.  =9'  0" 
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FIGURE  5  -  ASSUMED  STRESS  DISTRIBUTION 
OF  THE  PANELS 
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DISCUSSION 

*    *    *  -k 


Krishnamoorthy ,  San  Diego  State  University: 

Ron,   [Mayes]   in  the  work  with  the  dynamic  and  static  tests,  regarding  the  differences 
in  the  results:     can  this  be  attributed  to  the  quality  of  the  construction?     It  varies 
from  one  specimen  to  another.     Is  it  that  significantly  different  to  really  tell  that  there 
is  a  great  difference? 

Mayes,  University  of  California,  Berkeley: 

I  think  that  (as  far  as  I  can  see)  there  is  definitely  a  difference  that  is  not 
attributable  to  the  workmanship.     For  the  djmamic  tests,  it  is  an  explosive  removal  of 
the  masonry  material,  and  that  does  not  occur  for  the  static  tests  -  the  material  crushes 
but  it  stays  there.     For  the  dynamic  test  it  just  explodes  out.     We  have  it  on  a  movie  and 
it  is  very  dramatic.     You  can  tell;   I'm  sure  you've  seen  it  on  your  tests. 

Maurenbrecher ,  National  Research  Council,  Canada: 

Have  you  investigated  the  effect  of  confining  the  reinforcement  to  stop  this  explosive 
failure? 

Mayes : 

Yes,  we've  looked  at  reinforcement  in  the  joints.     This  was  similar  to  that  used  by 
Priestley  and  Bridgeman  and  consisted  of  1/8-inch  thick  plates  embedded  in  the  mortar  joint. 
It  substantially  improved  the  behavior  of  the  piers.     Basically,  it  improves  the  ductility 
of  the  pier.     It  increases  the  effective  ductility  from  on  the  order  of  5  to  about  10. 
That  is  a  pretty  significant  increase  and  that  is  what  Priestley  and  Bridgeman  found  as  well. 
They  induced  another  failure  mechanism  by  doing  that  because  they  had  the  wall  so  strong. 
But,  they  had  a  sliding  failure. 

I  must  apologize  for  the  lack  of  coordination  in  my  program  because  we  have  done  a 
study  on  codes  and  these  results  are  very  interesting.    We  have  looked  at  all  of  them 
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from  the   '72  code  right  through  to  the  proposed  ATC-3  code  and  I  hope  I  get  an  opportunity 

to  go  over  these  [1]  because  all  this  research  is  good  but  we  have  to  evaluate  it  with  respect 

to  the  codes;   this  is  what  we  have   tried  to  do.     We  have  a  report  coming  out  on  it  and  I 

am  sure  we  will  try  to  include  most  of  you  people  on  the  distribution  list   so  that  you 

will  be  able  to  see  it. 

Webb,  Department  of  Health,  Education,   and  Welfare: 

Mainly  for  my  own  purpose,   I  would  like  to  tie  down  a  definition,  here,   of  the  terms 
we  are  using  with  regard  to  working  strength,   ultimate  strength,   and   limit  design.     I  know 
I  have  difficulty  in  following  some  of  the  remarks  because  of  the  difference   in  meaning, 
perhaps  in  my  own  context.     Would  you  care  to  do  that  for  us  please? 

Mayes : 

We  use  them,  basically,   for  the  purpose  of  interpreting  the  hysteresis  envelopes  that 
we  got.     We  wanted  to  try  to  make  some  sense  out  of  that  and  compare  the  various  tests. 
We  have  a  peak  ultimate  load  which  was  the  maximum  load  that  was  attained;  we  have  what  we 
called  the  average  peak  ultimate  load  which  was  about  95%  of  that  peak  and  which  was 
maintained  over  3  or  4  cycles  of  loading;  and  then,  we  have  a  working  ultimate  strength 
(or  working  peak  ultimate  strength,  whatever  you  like)  which  was  when  first  cracking 
occurred  in  the  piers,  (this  was  not  substantial  cracking;  it  was  just  minor  cracking)  and 
that  was  on  the  order  of  70  to  80%  of  the  peak  ultimate  load.     We  did  this  just   for  the 
purpose  of  comparing  the  various  results.     Of  course,  when  we  do  look  at  code  provisions 
you  can  take  whichever  one  of  those  you  like,   depending  on  how  conservative  you  wish  to 
be. 

Fintel,  Portland  Cement  Association: 
How  did  you  define  ductility? 

Mayes : 

We  did  not  define  ductility,   as  such;  we  defined  ductility  indicators.     We  defined 
these  as  displacement  ratios  over  which  a  given  load  was  maintained.     So  it  was  not  an 
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e lastoplastic   type  of  ductility  that  many  of  you  may  be  familiar  with.     It  was  defined, 
basically,  as  the  displacement  at  which  the  load  was   first  attained,   divided   into  the 
displacement  at  which  that  load  could  no  longer  be  maintained.     The  load,   in  fact,  went 
larger  than  that  particular  load.     For  instance  [using  chalkboard]    [also  see  Figure  6] 
as  I  said,  the  working  ultimate  load,  was  70%  of  the  peak.   If  you  can  imagine  , 
a  hysteresis  curve  like  that  and  you  extend  the  peak  ultimate  load  across,   it  was  the 
ratio  of  those  two  displacements  that  intersect  the  hysteresis  envelope.   It  was  done  that 
way,  as  I  said  for  the  purpose  of  making  some  sense  of  the  results. 

Agbabian,   (Agbabian  Associates) : 

I  would  like  to  know  what  your  plans  are  for  the  following  years,  if  you  can  tell  them 
in  a  few  minutes.  I  have  heard  that  you  were  planning  to  run  some  shake  table  experiments. 
Is  that  correct?     What  do  you  propose  to  do? 

Mayes: 

In  the  National  Science  Foundation  program  which  is  for  the  cantilever  tests  that  we 
are  doing,  we  have  planned  80  test  panels  (not  on  the  shake  table).     In  the  HUD  funded 
program,  concerning  masonry  housing  construction,   the  ultimate  goal  is  to  put  part  of  a 
house  on  the  shaking  table  and  test  that  to  see  what  it  can  withstand.     We  were  going  to 
put  a  full,  half-scale  model  of  a  house  on;  we  have  since  changed  our  plans  and  will  be 
putting  on  part  of  a  house  (two  end  walls;  two  side  panels;  and  a  roof  structure  of  some 
sort).     We  will  probably  do  two  or  three  different  types  of  those. 

Sanidas,   City  of  Memphis: 

I  know  you  didn't  get  a  chance  to  get  into  your  discussion  of  the  ICBO  Code  [1],  but, 
did  it  come  out  positive  or  negative? 

Mayes : 

Negative . 
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Sanidas : 

There  is  a  question  that  I  would 
representatives  are  not  here  for  their 
to  hear  Professor  Mayes'  presentation 
are  not  here?     I  think  that  some  of  us 
out . 

Scalzi,   Session  Chairman: 

We'll  see  how  the  schedule  goes. 

Sanidas : 

Thank  you. 

Scalzi : 

I  guess  we  would  have  to  limit  the  subsequent  speakers  to  comparable  time  (and  hope- 
fully,  less)  in  making  their  presentations.     Possibly  we  can  ask  them  to  summarize  a  little 
bit  more,  as  they  go  along,  rather  than  getting  into  all  the  extreme  details  of  the  re- 
search program.     I  would  like  to  emphasize  that  we  are  interested  in  the  thoughts  and  con- 
cepts here  and  if  they  pertain  to  our  workshop  discussion  -  fine;  but  if  we  are  going  to 
get  into  some  of  the  details  of  the  testing  program  that  may  be  strictly  research,  perhaps 
those  can  wait. 

•k    "k    "k  it 


like  to  ask  Dr.  Scalzi:     I  notice  that  two  of  the  code 
talks  tomorrow  afternoon;  would  it  be  at  all  possible 
[1]  tomorrow  afternoon  in  lieu  of  Tangye  and  Bush  who 
are  very  interested  in  how  this  comparison  came 


[1]  This  presentation  was  made  at  a  later  time  and  has  been  Inserted  on  pp.  91  (et  seq.) 
for  convenience. 
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AN  EXPERIMENTAL  STUDY  OF  CONCRETE  MASONRY 
UNDER  SEISMIC    -    TYPE  LOADING 


G.  A.  Hegemier'- ,   G.  Krishnamoorthy^ ,  R.  O.  Nunn^ 

ABSTRACT 

This  paper  outlines  portions  of  a  comprehensive  research  program  on  concrete 
masonry.    Objectives,   scope,  methodology,  and  sample  results  obtained  to  date  are 
presented.     Where  appropriate,  practical  implications  of  the  latter  are  delineated.  Futu 
experiments  are  discussed. 

I.  INTRODUCTION 
1. 1    The  Program 

The  development  of  a  basis  for  a  rational  earthquake  response  and  damage  analys 
of  concrete  masonry  structures  is  the  subject  of  an  extensive  experimental,  analytical, 
and  numerical  research  program  at  the  San  Diego  campus  of  the  University  of  California. 
The  program  is  sponsored  by  the  National  Science  Foundation  under  project  RANN. 

The  experimental  effort  is  intended  to  define  material  rheology.     The  analytical 
phase  involves  the  translation  of  observed  experimental  data  into  viable  mathematical 
models.    The  numerical  effort  concerns  the  conversion  of  mathematical  models  into 
numerical  form  and  the  construction  of  digital  computer  codes  to  simulate  structural 
response  and  damage  accumulation  resulting  from  earthquake  ground  motion. 

Discussion  in  this  paper  is  confined  to  the  experimental  portion  of  the  program. 

^Professor,  Dept  Appl  Mechs  &  Engr  Sci,  University  of  California,  San  Diego,  La  Jolla, 
California,  92093. 

^Professor,  Dept  Civil  Engr,  San  Diego  State  University,  San  Diego,  California,  92182. 

®  Graduate  Student,  Dept  Appl  Mechs  &  Engr  Sci,  University  of  California,  San  Diego, 
La  Jolla,  California,  92093. 
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1.2  The  Approach 

The  approach  selected  to  achieve  the  project  objectives  involves  a  sequence  of 
increasingly  complex  levels  of  concurrent  experimentation,  analysis,  and  numerical 
simulation.     This  sequence  begins  with  elementary  experiments  on  the  basic  constituents 
of  concrete  masonry  and  their  interactions,   e  g,  by  fracture  and  slip  across  interfaces. 
It  proceeds  to  homogeneous  and  nonhomogeneous  biaxial  tests  of  panels  under  both  quasi- 
static  and  dynamic  cyclic  load  histories.     The  above  is  complemented  by  tests  on  typical 
connections  (to  be  discussed  in  a  companion  paper).    The  sequence  culminates  with  studies 
of  major  structural  elements.    The  ability  to  extrapolate  from  conceptually  simple 
laboratory  scale  experiments  to  a  wide  variety  of  structural  configurations,  including  full- 
scale  building  response  to  earthquake  ground  motion,   is  one  of  the  most  significant  aspects 
of  the  project. 

1.3  The  Need  for  Research 

Comprehensive  surveys  of  the  available  literature  relevant  to  the  mechanics  of 
concrete  masonry  assemblies  can  be  found  in  references  [I,  2]  .    Examination  of  these 
reports  reveals  that,  although  a  measurable  amount  of  research  on  concrete  masonry  has 
been  conducted  over  the  past  forty  to  fifty  years,  there  currently  exists  little  correlation 
among  the  various  studies  conducted  by  governmental,  university,  and  promotional 
research  organizations.    Each  study  has,  of  economic  necessity  and/or  impatience,  been 
constrained  within  narrow  bounds  and  primarily  to  specific  structural  configurations 
rather  than  to  fundamental  material  research.    As  a  result,  a  virtual  vacuum  exists  con- 
cerning the  material  properties  of  concrete  masonry,  and  the  behavior  of  typical  con- 
nections used  in  concrete  masonry  systems.     In  the  absence  of  reliable  data,  subjective 
judgement  must  be  substituted  for  a  rational  analysis.     The  ramifications  of  this  sub- 
stitution are  obvious  and  clearly  undesirable.    The  present  program  constitutes  a  major 
step  in  the  direction  of  alleviating  the  above  problem. 
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II.    MATERIAL  TEST  PROGRAM  -  DESCRIPTION 
2. 1    Basic  Items  Under  Study 

The  basic  experimental  items  under  current  study  concern  planar  material  behavior 
and  are  related  to  the  construction  of  constitutive  relations  for  concrete  masonry  in  both 
linear  and  nonlinear  ranges.    Included  are: 

Strength  and  damage  accumulation  under  combined  plane-stress  states 
Stiffness  parameters 
Energy  absorption  and  damping 
In  each  of  the  above  areas,  studies  are  well  underway  to  determine  the: 

Degree  of  anisotropy 
.    Degree  of  strain-rate  sensitivity 
Influence  of  reinforcing  steel 
Influence  of  compaction  (vibration) 
.    Influence  of  admixtures 
Influence  of  flaws 

Influence  of  constituent  properties  on  assembly  properties 
Scale  effects 

Degradation  under  cyclic  load  histories 


2.2  Methodology 

The  program  partitions  naturally  into  two  main  categories:    (1)   Small-scale  or 
"microelement"  tests  and  (2)    Large-scale  or  "macroelement"  tests. 

The  objective  of  the  small-scale  tests  is  to  synthesize  the  behavior  or  properties 
of  masonry  assemblies  or  macroelements  from  simple  but  universal  experiments  - 
experiments  that  can  be  conducted  in  a  standard  laboratory.    At  the  very  least  such  tests 
provide  an  index  concerning  the  influence  of  the  basic  constituents  on  assembly  behavior. 

The  large-scale  or  macroelement  tests  constitute  a  necessary  check  on  the  micro- 
modeling  process  and,  perhaps  more  important,  constitute  the  starting  point  for  the 
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construction  of  a  continuum  model  of  concrete  masonry.     The  latter,   it  is  anticipated, 
may  be  used  to  efficiently  synthesize  the  behavior  of  complex  structures,   in  combination 
with  appropriate  connection  data,  through  the  use  of  explicit  analytical  and  numerical 
techniques. 

The  overall  methodology  is  depicted  in  Fig  1. 

2.3  Materials 

Two  nominal'*  masonry  types  are  currently  under  study:    (1)    "normal  strength"  - 

type  N  normal  weight  concrete  block  (ASTM  C90),  type  S  mortar  (ASTM  C270),   2000  psi 

coarse  (pump  mix,  8-10  inch  slump)  grout  (ASTM  C476);  (2)    "high  strength"  -  light-weight 

block  (f   s  3750  psi,  type  M  mortar  (ASTM  C270),   3750  psi  coarse  (pump  mix,   8-10  inch 
c 

slump)  grout  (ASTM  C476). 

Most  specimens  consist  of  running  bond  with  face-shell  bedding.    Both  closed  and 
open-end  units  are  utilized,  although  focus  is  currently  on  the  former.     Standard  8-inch 
high,   8-inch  wide  block  geometries  [1]  are  employed. 

2.4  Small-Scale  Tests 

Testing  and  modeling  on  the  micro- scale  commences  at  the  constituent  level  and 
requires  a  knowledge  of  constituent,  constituent-interface  and  small  as sembly  behavior 
under  various  stress  states. 

Constituent  tests  serve  as  index  factors  for  each  test  series  (micro  or  macro). 
Test  data  includes  elastic  moduli,  compressive  strength,  and  tensile  strength  of  block, 
grout,  and  mortar.    Information  on  unit -absorption,  and  design  mixes  for  each  component 
is  also  obtained. 

Joint  tests  are  of  considerable  interest.     Joints  or  interfaces  in  concrete  masonry 
assemblies  constitute  both  planes  of  weakness  and  a  major  source  of  damping.  Failures 


Precise  details  concerning  material  properties  are  provided  in  appropriate  sections  to 
follow, 
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MACROELEMENT  TESTS 

FEM  MICRO  MODEL 
CALIBRATION 

•homogeneous  stress  states 

•  nonhomogeneous  stress 
1  states 

i 

DEVELOPMENT  OF 
MACRO-CONSTITUTIVE 
RELATIONS 

I 


DEVELOPMENT  OF 
FEM  MACRO  MODEL 


J 


1 

DETAILED  ANALYSIS  OF 
STRUCTURAL  ELEMENTS 
USING    FEM    MICRO  MODEL 

ANALYSIS    OF  LARGE-SCALE 
STRUCTURES  USING 
FEM   MACRO  MODEL 

Fig.  1      Methodology    of    Research  Program. 
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frequently  initiate  in  joints,  and  subsequent  deformation  and  energy  absorption  may  occur 
by  relative  slip  across  joint  planes.     Joint  types  selected  for  study  include:    (1)  ungrouted 
bed  joints;  (2)    grouted  bed  joints  with  and  without  steel;  (3)  head  joints;  (4)  combination 
head  and  bed  joints;  (5)    and  block-grout  interfaces.    Mortar  geometry  includes  both  full 
and  face-shell  bedding.     Test  specimens  in  the  joint-series  consist  primarily  of  triplets 
(three  blocks,  two  interfaces).    Six  inch  cores  are  utilized  for  block-grout  interface  tests. 
Joint  planes  are  subjected  to  constant  levels  of  normal  stress  and  quasi-static  monotonic, 
quasi-static  cyclic,  or  dynamic  cyclic  shear  stress.    In  each  test  the  initial  and  post- 
fracture  shear-stress  vs  normal  stress  envelopes,  and  deformation  histories,  are 
determined. 

In  addition  to  the  above,  a  variety  of  prism  (small  assembly)  tests  are  well  under- 
way.    These  tests  are  designed  to  provide  basic  information  on:    (1)    the  influence  of  the 
number  of  courses  on  compressive  stre'ngth  and  associated  problems  regarding  load-platen 
restraint;  (2)   the  influence  of  flaws,  compaction,  and  admixtures  on  compressive  and 
tensile  strength;  (3)  the  correlation  of  compressive  and  tensile  strengths;  (4)  correlation 
of  block,  grout,  and  mortar  strengths  to  prism  strengths;  (5)    stiffness  parameters  and 
uniaxial  stress-strain  behavior  (these  include  Young's  modulus  in  tension.  Young's 
modulus  in  compression,  ratio  of  tensile  to  compressive  strengths,  ratio  of  tensile 
strength  to  tensile  modulus,  ratio  of  compressive  strength  to  compressive  modulus). 

2. 5   Static  and  Dynamic  Biaxial  Panel  Tests 

As  was  noted  previously,  modeling  on  the  continuum  or  macro-scale,  and 
calibration  of  micro-models,  is  acccomplished  via  biaxial  panel  tests  of  two  basic  stress 
state  types:    homogeneous  and  nonhomogeneous.     The  specimens  in  this  test  series  are 
approximately  one  order  of  magnitude  larger  than  the  typical  microdimension. 


119 


2.5.1    Globally  Homogeneous  Stress-States 

These  tests  are  unique  in  that  the  panels  are  laid  in  running  bond,  but  are  saw-cut 
such  that  the  bonds  run  at  oblique  incidence  or  layup  to  the  edges  of  the  finished  panel. 
The  rationale:    any  combination  of  homogeneous  shear  and  normal  stresses  on  the  critical 
bed  and  head  joint  planes  can  be  induced  by  application  of  direct  (principal)  stresses 
(compression  or  tension)  to  panel  edges,  and  the  selection  of  a  proper  layup  angle.  The 
ability  to  apply  direct  tensile  stresses  which  exceed  the  tensile  strength  of  the  assembly, 
and  direct  compressive  stresses  with  negligible  induced  shear,  follows  from  the  use  of  a 
unique  polysulfide  bonding  agent  with  a  low  shear  ^rrodulus  (=»  150  psi)  between  the  specimen 
and  the  load  distribution  fixtures.    In  the  case  of  uniform  load  application  to  each  panel 
edge,  the  resulting  panel  stress  distribution  is  globally  homogeneous,  and  hence  statically 
determinate.     Thus,  in  contrast  to  conventional  test  methods  fZ],  the  determination  of 
material  properties  is  not  prejudiced  by  boundary  constraints;  further,  in  contrast  to 
indirect  methods  [1],  extraction  of  biaxial  failure  states  does  not  necessitate  a  conjecture 
of  isotropic,  linear  elastic  material  behavior  prior  to  macrocracking. 

Figure  2  illustrates  the  basic  concept  of  oblique  layup  testing.    If  the  x^,  x^  -  axes 
are  principal  stress  directions,  then  the  stress  resultants^  ''^ll''  ''^22''  ^12*  ^^^^^'■^^^'^ 
with  axes  x^ '  along  the  bed  and  head  joint  directions  are  related  to  the  principal 

stress  resultants  N^^,  through 

N      +N         N      -N  N  _N 

"ll''  ^2'  -  z     ^         2     ""O-^e.N,^-  =     '\  sin  26  (1) 

Equations  (1)  imply  that  any  homogeneous  stress-state  (N^^',  ^22''  ■'^12*^       ^  panel  with 
surfaces  oriented  parallel  to  the  head  and  bed  joints  can  be  obtained  by  selecting  an 
appropriate  layup  angle  0  and  direct  stress  resultants  N^^,  N^^.    In  particular,  given  a 
desired  stress-state  (N     ' ,  N  N     '),  the  combination  (N     ,  N     ,   9)  is  selected 

according  to 


^Stress  resultants  are  related  to  stress  by  a. .  =  N.  ./t,  where  t  is  the  panel  thickness. 
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N     '  +  N     '      N     '  -  N  ' 

11  7?  11  /? 

^11'  ^2=  2   '^^^12' 

(2) 

tan2e  =  -2N^27(N^^'  -N^^') 

The  test  panels  of  64-by-64  inches  are  precision  cut  from  8-by-8  foot  fully  grouted, 
unreinforced  or  reinforced  concrete  masonry  walls  constructed  to  current  field  practice. 
Cutting  is  accomplished  by  use  of  a  dynamically  balanced,  30-inch-diameter, 
diamond-edge  saw  on  an  air-driven  turbine.     The  above  panel  size  constitutes  the  smallest 
specimen  deemed  to  be  a  macroelement,  i . e. ,  such  that  the  minimum  panel  (planar) 
dimension  is  one  order  of  magnitude  greater  than  the  largest  microelements  (block  units), 

A  schematic  of  the  biaxial  test  procedure  is  shown  in  Fig  3.    The  actual  setup  is 
illustrated  in  Fig  4.    The  load  conditions  include  quasi-static  monotonic,  quasi-static 
cyclic,  and  dynamic  cyclic  (.05  to  5Hz).    The  system  is  capable  of  load,  displacement,  or 
combined  load-displacement  control.    This  is  accomplished  with  a  mini-computer-control- 
led, closed-loop-hydraulic-servo  system  utilizing  four  active  actuators  on  each  panel  side 
connected  to  load  distribution  fixtures.    This  test  system  is  housed  in  a  massive  dual 
test  frame.  Fig  5.    A  high-speed  digital  data  acquisition  system  (14  bits  absolute  value 
plus  sign,  300  samples/ sec/channel  or  15,000  samples/ sec  total).  Fig  6,  monitors  40 
channels  of  signals  from  load  cells,  linear  variable  differential  transformers  (LVDT's), 
and  strain  gages. 

Rheological  aspects  of  singular  interest  include:    (1)    elastic  properties;  (2)  degree 
of  anisotropy  of  elastic  properties;  (3)    damping  or  stress-strain  hysteresis  Ln  the  "elastic" 
regime;  (4)    strain-rate  sensitivity  of  item  3,  above,  in  the  .05  to  4Hz  range;  (5)  initial 
"yield"  or  macro-fracture  surface  in  stress-space;  (6)    degree  of  anisotropy  of  item  5 
above;  (7)   ultimate  strength;  (8)    influence  of  load  history  on  the  degradation  of  stiffness 
and  ultimate  strength;  (9)  hysteresis  in  the  highly  nonlinear  range;  (10)    role  of  reinforcing 
steel  geometry  and  volume  in  the  control  of  macrocracking;  and  (II)    flaw  sensitivity. 
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2.5.2    Nonhomogeneous  Stress-States 

The  significance  of  these  tests  is  as  follows.    Homogeneous  stress-state  tests,  as 
described  in  the  previous  section,  assume  that  characteristic  lengths  associated  with 
variation  in  the  stress  field  are  large  when  compared  with  the  typical  microdimensions  of 
the  material.    In  plain  concrete  this  rarely  presents  a  problem®  since  the  typical  micro- 
dimension  is  associated  with  the  largest  aggregate  dimension,  which  in  turn  is  small. 
In  concrete  masonry,  on  the  other  hand,  the  typical  microdimension  is  quite  large- 8  to  1  6 
inches  (the  block  size).     Thus,  the  typical  microdimension  of  this  material  may  not  be 
small  where  compared  with  either  the  structural-element  size  or  the  characteristic  length 
of  the  stress  field.    In  such  a  case  it  is  necessary  to  create  a  material  model  which,  to  a 
certain  degree  of  accuracy,  reflects  the  influence  of  the  microstructure.  Nonhomogeneous 
stress-state  tests  are  a  necessary  step  in  this  process.     They  comprise  an  advanced  step 
in  the  micromodeling  process,  and  a  first  evaluation  of  the  limits  of  application  of  the 
macro  or  continuum  modeling  process,  and  modification  of  the  latter  to  reflect  micro- 
structural  effects. 

The  tests  in  this  series  consist  of  two  types:    (1)    simple  shear  deformation  and 
(2)    diagonal  compression.    A  brief  discussion  of  each  is  presented  below. 

2.5.2.1    Simple  Shear  Deformation 

The  test  system  described  above,  as  modified  according  to  Fig  7,  and  with  a 
modified  bonding  agent,  is  capable  of  creating  simple  shear  deformation  (in  contrast  to 
pure  shear  stress)  -  with  superposed  axial  deformation  or  stress.    Such  tests,  to  be 
conducted  on  0  degree      layup  specimens  only,  mirror  the  behavior  of  shear  walls  and 
piers  under  varying  degrees  of  end  constraint.     Consequently,  this  test-type  serves  to 
calibrate  all  modeling  in  a  region  of  primary  interest.     The  rheological  items  of  interest 
here  are  similar  to  those  listed  under  Section  2.5.1. 


®  It  does  present  a  problem  in  reinforced  concrete. 
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2.5.2.Z    Diagonal  Compression 

This  test,  which  is  illustrated  in  Fig  8,  is  actually  an  indirect  biaxial  test  f  1]. 
Under  concentrated  diagonal  compressive  loads,  the  central  portion  of  the  specimen  is 
subjected  to  a  biaxial  stress-state  which  is  reasonably  uniform  over  a  characteristic 
length  (area).     This  length,  however,  is  not  large  where  compared  to  the  material  micro- 
dimensions;  hence  the  test  constitutes  a  simple  check  on  the  limits  of  application  of  the 
homogeneous  failure  data  obtained  from  the  tests  of  Section  2.5.1. 

The  above  test,  by  the  way,  is  greatly  misunderstood  in  the  literature.  Most 
documents  interpret  the  test  results  incorrectly  (e  g,   see  ASTM  E5 19-74).     It  is  not  a 
shear  test;  the  shear  stress  on  the  planes  intersecting  diagonals  vanishes  from  symmetry. 
Failure  occurs  by  induced  tensile  stresses  on  the  vertical  plane  of  symmetry  (see  Fig  9). 

111.    MATERIAL  TEST  PROGRAM  -  SUMMARY 

For  the  convenience  of  the  reader,  the  material  test  program  discussed  in  the 
previous  section  is  summarized  below. 

3.1  Constituent  Tests 

Compressive  and  tensile  strength  of  grout,  mortar,  block 
Shear  and  tensile  strength  of  bonds  or  interfaces 
Elastic  moduli  of  block,  grout,  mortar 
Absorption  of  units 

3.2  Prism  Tests 

Influence  of  number  of  courses  on  compressive  strength 
Influence  of  flaws  on  compressive  and  tensile  strengths 

Influence  of  compaction  and  admixtures  on  compressive  and  tensile  strengths 
,     Correlation  of  compressive  and  tensile  strengths 

.    Correlation  of  block,  grout,  and  mortar  strengths  to  prism  strengths 
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Fig.  7     Panel    Shear  Test. 
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.    stiffness  parameters  and  uniaxial  stress-strain  behavior  (Young's  modulus  in 

tension  and  compression,  ratio  of  tensile  strength  to  compressive  strength,  ratio 
of  tensile  strength  to  tensile  modulus,  ratio  of  compressive  strength  to  compres- 
sive modulus) 


3,3    Interface  Tests 


.    Strength  of  ungrouted  bed  joints 
Strength  of  grouted  bed  joints 

.    Strength  of  head  joints 

.    Post  fracture  slip-behavior  of  joints 

.    Influence  of  steel  on  joint  properties 
Block-grout  interface  strength 


3.4   Full  Scale  Tests  (Homogeneous  stress  states) 

Biaxial  failure  envelopes  (Degree  of  anisotropy,  influence  of  flaws,  influence  of 
compaction,  influence  of  admixtures,  influence  of  steel) 

Post  macrocracking  hysteretic  behavior  (reinforced  specimens  only) 

Elastic  moduli  (Young's  modulus,  Poisson's  ratio,  degree  of  anisotropy) 

Damping  and  energy  absorption 

Prediction  of  failure  and  elastic  properties  from  small-scale  tests;  scale  effects 


3.5   Full  Scale  Tests  (Nonhomogeneous  stress  states) 


Simple  shear  deformation  -  monotonic  and  cyclic  loading  (stiffness  degradation, 
energy  absorption,  ultimate  failure,  general  hysteretic  behavior) 

Diagonal  compression  test  (significance,  correlation  with  biaxial  failure  data) 


IV.    SELECTED  RESULTS  -  PANELS 

The  purpose  of  this  section  is  to  present  sample  results  obtained  to  date  under  this 
program.     The  discussion  is  intended  for  illustrative  purposes  only,  and  is  confined  to 
basic  features  of  experimental  data.    Design  recommendations  are  not  made  herein;  the 
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latter  must  await  completion  of  appropriate  test  series,  comprehensive  data  reduction, 
data  interpretation  and  case  studies. 

A  complete  description  of  the  biaxial  tests  is  beyond  the  scope  of  this  presentation. 
For  simplicity,  attention  is  focused  below  upon  the  homogeneous  stress-state  tests  and 
the  associated  following  items:    (1)    the  failure  surface  for  fully  grouted  but  unreinforced 
specimens;  (2)    failure  data  and  anisotropy;  (3)    elastic  properties  and  anisotropy; 
(4)  damping  and  strain-rate  effects  in  the  linear  range;  (5)    the  estimation  of  macroelement 
properties  from  component  properties;  (6)    the  influence  of  flaws,  compaction,  and 
admixtures  on  failure;  and  (7)    the  influence  of  reinforcing  steel  on  the  control  of  cracking 
and  damage. 


4. 1  Materials 

Typical  component  properties  associated  with  the  macroelements  to  be  discussed 
are  provided  in  Table  1  (for  grout  properties  refer  to  column  marked  STD).  Specimens 
were  cut  from  fully  grouted,  8x8-foot- walls.     Grouting  was  accomplished  in  8-foot  lifts 
(pump).    Compaction  by  puddling  or  vibration  was  conducted  as  indicated. 

4.2  Failure  Surface 

Complete  mapping  of  the  failure  surface  of  a  macroelement  in  the  stress  space 
(N^^',  ^22' '  ■'^12'^'  '^^         principal  stress  vs  9  -  space  (N^^,  N^^,  0)  is  a  major  under- 
taking.    This  problem  is,  however,  alleviated  by  two  factors;    (1)    extensive  calculations 
concerning  shear  walls  and  other  complex  structures  reveal  that,  in  most  applications, 
the  normal  stress  on  head  joint    planes  is  small  when  compared  with  normal  and  shear 
stress  on  bed  joint  planes,  i  e, 

^ll'<<^2''  ^12' 

and  (2)    experimental  data  shows  a  weak  dependence  of  failure  on  the  layup  angle  9,  i  e, 
the  composite  under  consideration  is  approximately  isotropic  (this  point  will  be  discussed 
later). 
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Table  1.    Component    Properties    for    Macroelements    and  Prisms. 


Block^ 

Mortar 

Grout* 

STD 

ADM 

3.97 

2.42 

4.03 

4.34 

2.97 

2.86 

3.53 

3.79 

Compressive  Strength 

3.27 

2.39 

3.51 

3.41 

2.95 

2.66 

3.79 

3,72 

3.4  1 

2.83 

4.  15 

3.66 

3. 1  6 

2.03 

3.69 

3.00 

1.77 

3.69 

3.68 

4.  32 

4.3  5 

3.98 

4. 17 

3.25 

mean 

3.30 

2.42 

3.87 

3.78 

std.  dev. 

.37 

.41 

.35 

.34 

3  1 0 

Ct£t7 

247 

Tensile  Strength 

291 

253 

253 

(ksi) 

373 

162 

324 

294 

297 

240 

J  O  J 

377 

mean 

icy 

i  IS 

266 

std    d  e  V 

40 

47 

39 

Young's  Modulus, 

2.5  X  108 

2.6 

X  10'" 

Compression  (psi) 

(2.2-2.8) 

(2.5 

-2.7) 

Young's  Modulus, 

2.3 

X  10^ 

Tension  (psi) 

(2.1 

-2.5) 

Poisson's  Ratio 

.16 

.16 

(.U-.18) 

Block:  Type  N,  ASTM  C90  Block;  test  coupons  approx.  4,0'  x  6.5'  cut  from 
face  shells. 

Grout:    Coarse  grout,  ASTM  C476  (6-sack  grout) 
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A  typical  intersection  of  the  material  (macroelement)  failure  surface  with  the  plane 
Njj'  =0  (see  Section  2.5.1)  is  illustrated  in  Fig  10  for  fully  grouted  but  unreinforced 
specimens.     The  rays  in  these  figures  represent  the  layup  angles  and  the  corresponding 
proportional  loading  which  results  from  the  condition  I^ji'  ~  ^       equation  (2),  while 
equation  (1)  furnishes 

^11  "  "  ^22  ^  • 

Data  points,  which  represent  statistical  means  of  repeated  tests,  are  denoted  by  circles 
and  triangles.    Stresses  shown  are  based  upon  net  cross-sectional  areas. 

Two  basic  failure  modes  were  observed  in  these  tests.     In  the  tension  zone,  and  in 
the  compression  zone  for  |9|  >  15  deg,  a  brittle  failure  with  a  single  crack  was  frequently 
observed,  as  illustrated  in  Fig  1  la.  (6  =  -  45  deg).     In  the  compression  zone  for  ]  0  ]  <  15 
deg,  failure  appears  to  consist  of  multiple  cracks,  as  shown  in  Fig  lib  for  9  =  -  10  deg. 

The  curves  in  Fig  10  represent  several  macroscopic ,  analytical  failure  models 
considered  to  date.     The  dotted  curve,   shown  for  batch  6,  is  based  upon  the  premise  that 
failure  occurs  when  a  principal  stress  reaches  either  the  tensile  strength  or  the 
compressive  strength  associated  with  a  uniaxial,  0  deg  layup  test.     The  solid  curves 
result  from  the  premise  that  the  failure  envelope  in  principal  stress -space  is  linear  in 
the  tension-compression  zone,  as  illustrated  in  Fig  12  for  plain  concrete  under  biaxial 
stress  states.     This  model  is  seen  to  provide  a  more  accurate  description  of  material 
behavior.     The  two  solid  curves  in  Fig  10  correspond  to  estimated  (from  prism  tests) 
compressive  strengths,  and  measured  (from  0  deg  layup  panels)  uniaxial  tensile 
strengths  for  two  groups  of  specimens.    Note  that  only  two  experiments  are  necessary  for 
construction  of  this  failure  model:    (1)   the  uniaxial  tensile  strength  and  (2)   the  uniaxial 
compressive  strength.     The  dashed  curve  represents  a  modification  of  the  solid  curve  for 
batch  6,  to  account  for  the  anisotropy  discussed  below. 
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 independent  tensile,  compressive  strengths 

A  means,  botch  6    lineor  voriotion  of  tensile,  compressive  strengths 

•  means,  botches  1-5  —  —  —  modificotion  for  onisotropy 


Normal  Stress  (psi) 


Fig.  10    Failure    Envelope   for  Zero    Head    Joint    Normal  Stress. 


Fig.  11(a)     Typical    Joint   Failure.      Fig.  11(b)     Multi-Crack  Failure. 


Fig-  12     Biaxial    Strengtti  of  Fig.  13     Finite    Element  Pre- 

Concrete.  diction   of  Failure. 
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4.3  Failure  and  Isotropy 

The  above  premise  regarding  the  linear  decrease  of  tensile  strength  in  the  presence 
of  (principal)  compressive  stress  is  substantiated  by  Fig  14.    Data  on  macroelement 
tensile  failure  indicates  a  slight  increase  in  strength  for  layup  angles  near  45  deg,  as 
shown  in  Fig  15,  but  the  premise  of  material  isotropy  can  be  seen  to  hold  within  normal 
data- scatter  for  brittle  materials  of  the  type  under  consideration.    For  a  layup  angle  of 
0  deg,  tension  is  applied  to  the  bed  joints.    Each  curve  in  Fig  15  represents  a  fit  to  the 
data  of  a  second  degree  polynomial. 

It  should  be  noted  that  material  anisotropy  for  a  macroelement  is  a  direct  function 
of  block  and  grout  strengths.     The  strength  combinations  under  study,  by  accident,  led  to 
an  essentially  isotropic  material.     The  latter  can  be  destroyed  by  a  non- judicious 
selection  of  block  and  grout  strengths.     Estimation  of  material  anisotropy  from  component 
properties  is  discussed  in  a  later  section. 

4.4  Failure  and  Micro-modeling 

It  was  noted  above  that  a  relatively  elementary  analytical  model  will  suffice  to 

predict  failure.    In  more  complex  situations  involving  nonhomogeneous  stress  fields  with 

large  stress  gradients  and  complex  deformation  fields,  a  more  detailed  analysis  may  be 

necessary.    It  is  for  this  purpose  that  the  micro-modeling  is  being  pursued.  Finite 

element  simulations  of  panel  behavior  have  been  performed  to  assess  the  accuracy  of 

current  micro-modeling  concepts.    For  this  purpose  the  panel  assembly  is  discretized 

into  a  system  of  plane  stress  finite  elements.     The  grouted  block  and  the  adjacent  mortar 

are  represented  by  a  single  material  whose  properties  are  determined  by  a  volume-based 

mixture  procedure.     The  masonry  joints  are  represented  by  an  interface  utilizing  the 

interface  technique  discussed  in  reference  [3].     Interface  properties  are  determined 

from  joint  tests  discussed  in  a  subsequent  section.    A  typical  fracture  pattern  for  a  45  deg 

uniaxial  case  is  shown  in  Fig  13;  this  discretized  system  has  1674  degrees  of  freedom  and 

a  bandwidth  of  154.    The  results  of  analysis  performed  to  date,  which  were  obtained  by 
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using  an  out-of-core  version  of  NONSAP,   show  excellent  correlation  with  experimental 
data;  for  example,  the  ultimate  strength  of  the  model  shown  in  Fig  12  was  approximately 
77  psi,  compared  to  80  psi  obtained  experimentally. 

4. 5  Elastic  Moduli  and  Anisotropy 

Typical  variations  of  Young's  modulus  and  Poisson's  ratio  with  0  for  the  materials 
discussed  above  are  illustrated  in  Figs  16,   17.     This  data  was  obtained  via  compression 
in  the  range  0-300  psi.    A  linear  regression  analysis  of  the  data  shows  a  clear  trend  where- 
in both  moduli  decrease  form  0=0  deg  (compression  across  bed  joint  planes)  to  0  =  90  deg 
(compression  across  head  joint  planes).    Since  most  specimens  provide  two  data  points 
(by  reversing  the  roles  of  the  principal  stresses),  one  may  observe  this  trend  in  the 
absence  of  data  scatter  by  following  the  same  specimen  number  in  Fig  16.     Compare,  for 
example, 0  =  15  deg  with  0  =  75  deg  for  specimens  19,   20,  or  22  in  Fig  16;  or  compare 
0  =  30  deg  with  0  =  60  deg  for  specimen  32. 

While  the  data  clearly  indicates  a  degree  of  anisotropy,   it  is  also  clear  that,  for 
the  materials  under  discussion,  the  material  may  be  approximated  as  isotropic  within  the 
data  scatter  observed.     This  is  an  extremely  important  result. 

4.6  Damping  and  Strain-Rate  Effects 

Figure  18  shows  typical  compressive  cyclic  stres s- strain  data  (same  specimen) 
ranging  from  a  slight  preload  to  approximately  250  psi  for  five  strain-rates  from  .05  Hz  to 
2.0  Hz.    Each  figure  depicits  two  cycles.    Several  extremely  important  observations 
regarding  material  behavior  can  be  extracted  from  this  data,  which  is  typical. 

First,  the  data  clearly  exhibits  little  or  no  strain-rate  dependence  over  frequencies 
extending  from  essentially  quasi- static  to  typical  expected  mode  frequencies  for  full-scale 
structures  [4].    Both  slopes  and  hystersis  loops  remain  invariant  with  frequency  in  the 
above  range. 

Second,  the  hystersis  loops  provide  a  measure  of  energy  absorption  or  damping 
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Fig.  19  Tensile  Failure  Pattern  for  90 
deg    Layup  Panel. 
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in  the  "linear  elastic"  material  range.  The  fact  that  the  areas  of  these  loops  do  not  depend 
upon  frequency  implies  that  material  damping  should  not  be  modeled  as  viscous  damping. 

The  implications  of  the  foregoing  observations  may  be  serious.     For  example,  the 
current  earthquake  response  spectrum  approach  to  the  seismic  design  of  buildings  r5]  is 
based  upon  the  premise  that  the  damping  involved  is  of  the  viscous  type.     If  the  damping 
associated  with  a  complete  structure  is  the  result  of  material  behavior,  then  this  premise 
is  highly  suspect  in  view  of  our  findings.     This  potential  problem  is  compounded  by  the  fact 
that  the  response  spectrum  is  highly  sensitive  to  the  damping  assumed. 

One  may  argue  here  that  the  first  mode  (or  the  first  few  modes)  of  a  building  per- 
forms as  a  narrow-band  filter,  and  hence  that  one  may  approximate  the  structural  damping 
mechanism  as  viscous  wherein  the  damping  factor  is  determined  from  data  (logarithmic 
decrement)  in  the  neighborhood  of  the  modal  frequency  of  interest.     This  approximation 
may  suffice  if  conducted  properly.     Unfortunately,  it  does  not  appear  that  this  has  been  the 
case  in  practice. 

Consider,  for  example,  the  percent  critical  damping  factors  claimed  in  some 
masonry  promotional  literature  [6].    Numbers  ranging  from  8  to  10  percent  have  been 
proposed  for  some  masonry  materials.    Such  information  has  evolved  from  the  measure- 
ment of  the  rate  of  decay  (logarithmic  decrement)  of  material  response  to  a  transient  blow 
from  a  hammer  (in-plane),  a  steel-ball-pendlum  impact  [6]  (out-of-plane) ,  etc.  Two 
things  are  wrong  here.     First,  the  response  frequencies  associated  with  such  tests  are  too 
high-by  several  orders  of  magnitude  in  some  cases;  this  results  in  artificially  high  damping 
coefficients  (damping  is  known  to  be  frequency  dependent  for  sufficiently  large  frequencies). 
Second,  and  more  important,  the  concept  of  critical  damping  has  been  incorrectly  used. 
The  latter  is  based  upon  the  response  of  a  single  degree  of  freedom  oscillator;  the  percent 
critical  damping  calculation  necessitates  a  knowledge  of  the  mass  and  frequency  of  this 
oscillator.     If  the  oscillator  is  to  be  associated,  e  g,  with  the  first  mode  of  vibration  of  a 
building,  then  the  effective  mass  and  frequency  must  correspond  to  this  mode.     That  is, 
the  percent  critical  damping  is  a  function  of  the  assumed  mass,  and  the  modal  frequency. 
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It  is  of  interest  to  estimate  how  far  off  the  above  mentioned  8  to  10  percent  critical 
damping  factors  are  -  based  upon  the  premise  that  such  numbers  orginate  from  the  concrete 
masonry,  and  not  from  connections  or  non- structural  elements.     Consider  Fig  18.     If  the 
damping  is  sufficiently  small,  the  transient  response  to  an  initial  value  problem  will  be 
nearly  harmonic.    Suppose,  as  the  data  indicates,  that  material  damping  is  independent  of 
frequency.    As  in  the  case  for  viscous  damping,  the  rate  of  decay  curve  is  exponential  and 
the  decrement  is  a  constant.     The  decrement  for  a  macroelement  can  be  calculated  from 
Fig  18  by  measuring  the  areas  representing  hysteresis  and  strain  energy,  and  by  computing 
the  loss  of  strain  energy  per  cycle.     If  this  quantity  does  not  depend  on  stress  amplitude, 
then  the  decrement  for  a  macroelement  is  the  same  as  the  decrement  for  a  full-scale 
structure  composed  of  the  same  material,  i  e,  the  energies  of  the  subcomponents  (macro- 
elements) can  be  summed  to  yield  the  energies  of  the  structure.    Thus,  one  may  now  speak 
of  a  structural  mode  of  vibration.     The  result?     Critical  damping  factors  of  less  than  2  per- 
cent are  observed  when  the  measured  decrement  is  applied  to  an  "equivalent"  viscous 
modell     Thus,  if  numbers  such  as  8-10  percent  critical  damping  factors  are  to  be  employed 
in  practice  for  concrete  masonry  structures,   such  high  values  must  be  the  result  of  con- 
nection behavior,  or  some  other  aspect  of  the  structure. 

The  above  discussion  concerned  low  stress  amplitudes,  i  e,  material  response  in 
the  essentially  linearly  elastic  range.     Energy  absorption  and  strain-rate  dependence  in 
the  high  stress  regime  is  currently  under  study.     In  both  cases,  however,   energy  absorp- 
tion and  strain-rate  dependence  (if  any)  will  be  properly  incorporated  into  the  material 
constitutive  relations. 

4.7    Prediction  of  Macroelement  Properties  from  Component  Properties 

From  a  practical  standpoint,  it  is  imperative  that  one  be  able  to  predict  basic 
macroelement  properties  from  component  properties.     Extensive  testing  has  indicated 
that  this  is  indeed  possible.    Several  examples  are  provided  below  with  respect  to  the 
failure  surface  described  previously. 
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Consider  the  failure  theory  of  Fig  10.     This  theory  requires  material  isotropy  and 
two  data  points:    the  uniaxial  compressive  and  tensile  strengths  for,   say,  a  0  deg  layup. 
The  compressive  strength  may  be  determined  from  four  or  five-course  prism  data.  Like- 
wise, the  tensile  strength  can  be  estimated  by  direct  tensile  testing  of  prisms.     The  above 
strengths  may  also  be  estimated  from  component  properties. 

Consider  Fig  15.     The  open  square,  which  represents  the  mean  of  repeated  tests, 
is  the  result  of  a  direct  tensile  -  prism  testing  of  "batch  6".     This  data  is  observed  to 
provide  a  good  0  deg      tensile   strength  estimate,  and  is  conservative  in  that  it  lies  below 
the  actual  macroelement  (panel)  data.     (This  is  due  to  the  increase  in  flaw  sensitively 
with  a  decrease  in  specimen  size). 

The  open  traingle  at  0  deg  layup  angle  in  Fig  15  is  based  upon  the  premise  that 
(in  the  absence  of  bond  beams),  0  deg  tensile  strength  is  determined  solely  by  the  grout 
tensile  strength  and  grout  area  (no  tensile  strength  is  attributed  to  the  mortar  bond  -  a 
fact  which  has  been  substantiated  by  joint  tests).    The  strength  estimate  is  seen  to  be 
excellent. 

The  strength  of  a  90  deg  layup  specimen  in  tension  is  primarily  a  function  of  block 
strength.    A  typical  failure  pattern  is  illustrated  in  Fig  19.     The  head  joints  contribute 
little  strength,  and  inspection  of  failed  specimens  revealed  that  most  grout  cores  separated 
cleanly  from  the  webs.     But  usually  one  web  was  failed  ,  and  adding  that  area  to  the  area 
of  the  face  shells  gives  the  estimate  of  macroelement  strength  at  90  deg  shown  as  the  open 
triangle  in  Fig  15.     The  estimate  is  seen  to  be  quite  accurate.     Whether  the  bonded  area, 
and  hence  macroelement  strength,  can  be  predicted  is  being  studied.     Block  strength  here 
was  determined  by  direct  tensile  testing  of  coupons  sawcut  from  full-blocks. 

The  above  two  tensile  strength  estimates  provide  the  necessary  measure  of  anis- 

otropy. 

The  estimate  of  macroelement  compressive  strength  from  the  component  proper- 
ties is  not  quite  so  straightforward.     The  latter  is  currently  under  study. 

It  should  be  noted  that  a  model  for  the  statistical  distribution  of  data  from  brittle 
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materials  such  as  those  under  study  requires  a  substantial  number  of  macroelement  tests 
for  its  development.    No  material  description  is,  of  course,  complete  without  such  a 
model. 

Finally,  an  effort  is  also  underway  to  predict  elastic  properties  of  macroelements 
from  component  properties.     The  latter  will  not  be  discussed  here,  however. 

4.8  The  Influence  of  Flaws,  Compaction,  Admixtures 

Specimen  sawcutting  has  afforded  an  unusual  opportunity  to  observe  flaws.  Such 
cuts  reveal  much  more  information  than  cores,  although  cores  are  also  taken  in  our  tests. 

To  date  some  seventy  macroelements  have  been  tested.     Virtually  every  specimen 
has  exhibited  flaws  in  the  form  of  grout-block  separation,  voids,  and  most  important  - 
shrinkage  cracks  forming  grout  bridges.    Figure  20  dramatically  illustrates  such  flaws  - 
and  the  fact  that  they  can  prematurely  trigger  failure. 

With  respect  to  block-grout  separation  -  it  is  known  that  several  mold  release 
agents  are  used  in  the  construction  of  concrete  block.     It  is  suspected  that  such  agents 
adversely  influence  grout-block  bonds.     This  matter  is  under  investigation. 

In  an  effort  to  mitigate  the  grout  shrinkage/bridging  problem,  several  grouting 
techniques  are  currently  under  study:    (1)    puddling  of  grout;  (2)    compaction  and 
recompaction  of  grout  via  vibration;  (3)  and  the  use  of  grout  admixtures  with  and  without 
compaction.    Figure  21  illustrates  the  influence  of  each  technique  on  full-scale  panels 
sawcut  from  8x8-foot  fully  grouted  walls.     It  can  be  observed  that  vibration  compaction 
yields  a  specimen  superior  to  puddling  with  or  without  admixture  (the  admixture  in  this 
case  is  Suconem  G  A  (Grout  Aid)). 

Additional  information  on  this  subject  can  be  found  in  Section  5.2. 

4.9  The  Influence  of  Reinforcing  Steel 

The  influence  of  reinforcing  steel  in  the  control  of  macrocracking,  and  on  the 

nonlinear,  post  macrocracking  stress/strain  range  is  of  major  concern  in  our  studies. 
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Current  tests  involve  fully  grouted  specimens  with  two  number  five  bars  (grade  60)  at  32 
inches  on  center  -  both  vertically  and  horizontally.    The  area  of  the  steel  in  each  direction 
is  0.6  in^ ,  whereas  the  net  cross  sectional  panel  area  is  487  in^;  this  yields  a  steel/ 
masonry  ratio  of  .00126  in  each  direction,  which  exceeds  minimum  UBC  requirements. 

The  reinforced  concrete  masonry  tests  are  currently  in  a  production  mode,  and  it 
is  perhaps  premature  to  discuss  results.    However,   several  items  are  noteworthy: 

First,  the  initial  macrocracking  stress  level  does  not  appear  to  be  significantly 
influenced  by  steel/masonry  ratios  of  the  magnitude  under  discussion.     Thus,  failure 
envelopes.  Fig  10,  as  determined  from  unreinforced  tests  should  predict  the  onset  of 
macrocracking. 

Second,  under  monotonically  increasing  strain,  a  substantial  drop  in  the  macro- 
element stress  occurs  at  the  onset  of  macrocracking,   i  e,  the  load- car rying  capability 
dramatically  decreases.     This  is  illustrated  in  Fig  22  for  a  typical  0  deg  uniaxial  test 
under  displacement  control.     This  drop  is  associated  with  load  transfer  from  masonry  to 
steel,  and  the  fact  that  the  steel  area  is  not  sufficient  to  maintain  the  original  load  without 
considerable  extension. 

Third,  upon  continued  straining  of  the  specimen,    reloading  is  observed  -  the 
slope  of  which  is  smaller  than  that  of  the  masonry,  but  larger  than  that  associated  with 
the  steel  alone.     This  implies  that  the  load  is  shared  by  both  steel  and  masonry. 

Fourth,  upon  cyclic  straining  from  zero  to  a  tensile  strain,   stiffness  degradation 
can  be  observed.  Fig  22.     This  degradation  is  associated  with  multiple  cracking  (see 
Fig  23)  in  contrast  to  a  single  crack  observed  at  the  failure  point  of  unreinforced 
specimens.     (The  crack  marked  "I"  denotes  the  initial  macrocrack  associated  with  the 
peak  load  of  Fig  22). 

It  is  clear  at  this  stage  of  research  that  the  amount  of  steel  utilized  in  most 

construction  is  not  sufficient  to  prevent  an  unstable  branch  of  the  stress -strain  curve 

associated  with  a  reinforced  macroelement. 

In  passing,   it  is  noted  that  specimen  fixturing  was  designed  to  provide  a  uniform 
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strain  field  in  both  steel  and  masonry  prior  to  macrocra eking.    Proper  loading  of  the 
steel  is  not  a  trivial  matter  experimentally,  and  no  attempt  will  be  made  here  to  explain 
the  fixture  details. 

V.      SELECTED  RESULTS  -  PRISMS 

Once  again,  a  complete  description  of  small-scale  tests  is  beyond  the  scope  of 
this  paper.    Below,   representative  tests  and  sample  results  are  provided  in  order  to 
give  the  reader  a  proper  perspective  of  the  program. 

5. 1    Influence  of  Number  of  Courses  on  Strength 

Present  working  stress  and  design  methods  are  based  primarily  upon  a  knowledge 

of  the  masonry  compressive  strength,  f'  .    In  practice,  f '    is  usually  determined  by 

m  m 

prism  tests.     Current  masonry  codes  and  design  recommendations  (see  reference  [1]) 

either  explicitly  or  implicitly  recommend  that  f '    be  computed  on  the  basis  of  2-course 

m 

prisms  laid  in  stacked  bond,  and  capped  according  to  ASTM  C140  wherein  a  sulfur  fly-ash 
compound  or  a  high  strength  gypsum  plaster  is  used.     Test  procedures  correspond  to 
ASTM  E447.     Code  correction  factors  purport  to  enable  conversion  of  the  strength  of  a 
particular  geometry  to  that  of  a  standard  prism.    A  UBC  correction  factor  of  unity  is 
presently  applied  to  the  2-course  prism  (h/d  =  2.0).     This  evidently  implies  that  a  strong 
correlation  with  h/d  =  2.0  and  full-scale  masonry  exists.    Our  research  clearly  indicates 
this  premise  to  be  false  and  nonconser vative.     In  particular,  test  data  indicates  that  prism 
strength  is  significantly  influenced  by  load-platen  restraint  and,  in  the  absence  of  a  soft 
capping  material,   is  a  strong  function  of  the  number  of  courses-up  to  four-to-five 
courses.    A  typical  example  is  illustrated  in  Fig  24.     The  data  was  obtained  from  full- 
block,  fully  grouted  specimens;  precision  cutting  to  the  desired  h/d  ratio  was  utilized  in 
place  of  a  high- strength  capping  material.     The  bearing  platens  at  each  end  consisted  of 
solid  8x8xl6-inch  aluminum  blocks.    Platen  restraint  resulted  in  a  shear-mode  failure 

in  2-course  prisms,  and  combined  shear-tensile  splitting  in  3-course  prisms.  Proper 
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tensile  splitting  was  observed  in  4  and  5-course  prisms.     Based  upon  the  5-course  data, 
the  2-course  results  are  approximately  50  percent  too  high.    Also,  the  data  indicates  that 
prism  strength  is  a  function  of  the  number  of  joints  in  the  specimen  as  well  as  the  h/d 
ratio.    Finally,  an  extensive  literature  review  (see  Reference  [1])  revealed  an  amazing 
fact:    Virtually  all  code  correction  factors  for  prism  geometry  are  based  upon  a  common 
source  -  the  preliminary  and  exploratory  investigation  by  Krefeld  in  1938  (see  reference 
[  1])  -  on  bricki    This  is  patently  unjustified.    A  correlation  of  Krefeld' s  work  with  a 
number  of  codes  is  shown  in  Table  2  (each  code  is  based  upon  a  different  "standard" 
prism  geometry-hence  the  normalization  factor  may  be  different).    In  view  of  the  above 
discussion,  one  would  expect  poor  correlation  between  2-course  prism  and  wall  data; 
this  is  demonstrated  by  tests  by  Read  and  Clements  on  ungrouted  walls.  Fig  25  (see 
Reference  [1]).     The  component  materials  for  the  specimens  discussed  above  are 
described  in  Table  3. 

5.2    Influence  of  Compaction,  Admixtures  on  Compressive  and  Tensile  Strengths 

The  extensive  flaws  observed  in  full-scale  masonry  led  to  a  comprehensive  study 

of  the  influence  of  compaction  and/or  admixtures  on  flaws-and  hence  on  strength.  One 

such  study  is  briefly  described  below.     The  component  properties  associated  with  these 

tests  are  described  in  Table  1. 

Table  4  compares  compressive  strengths  obtained  from  4-course  prisms  (full 

block,  fully  grouted,   stacked  bond)  consisting  of  four  test  types:    (1)    puddled  grout 

(marked  STD);  (2)    vibrated  grout  (marked  STD  VIBR);  (3)    puddled  grout  with  an  admixture 

(Suconem  G  A  or  Grout  Aid;  marked  ADM);  and  (4)    vibrated  grout  with  an  admixture 

(Grout  Aid;  marked  ADM  VIBR).    A  significant  difference  was  observed  between  puddled 

and  vibrated  specimens;  the  former  was  only  66  per  cent  as  strong  as  the  latter.  The 

addition  of  grout  aid  in  these  tests  appears  to  improve  strength  -  with  or  without  vibration. 

This  last  point  is  being  reexamined  for  small-scale  specimens,  and  a  panel  test-series  is 

underway  to  verify  the  influence  of  Grout  Aid  in  full-scale  masonry. 
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Table  2.    Comparison    of    Correction    Factors    for    Prism  Shape 
after   "Code    Factor"  Modification. 


Source 

' ' Code 
factor" 

h/d  = 
1.5 

2.0 

2.  5 

3.0 

4.0 

5.0 

6.0 

Krefeld 

0.59 

0.67 

0.75 

0.80 

0.89 

0.96 

1.00 

New  Zealand  Standard 

1.50 

0.58 

0.67 

0,74 

0.80 

0.89 

0.95 

1.00 

Australian  Standard 

1.25 

0.68 

0.74 

0.80 

0.88 

0.93 

0.93 

Canadian  Code  (concrete) 

1.50 

0.57 

0.67 

0.74 

0.80 

Canadian  Code  (brick) 

0.93 

0.68 

0.74 

0.80 

0.89 

0.93 

Uniform  Building  Code 

1.50 

0.57 

0,67 

0.74 

0.80 

National  Bureau  Standards 

1.50 

0.57 

0.67 

0.74 

0.80 

Structural  Clay  Prods.  Inst. 

0.93 

0.68 

0.74 

0.80 

0.89 

0.93 

Table  3.    Component    Properties    for    Prism  Geometry 
and    Interface  Tests. 


Block 

Mortar 

Grout 

20  80 

3780 

5380 

2320 

4580 

5780 

3260 

3780 

5770 

Compressive 

2570 

4260 

3320 

Failure  Stress 

(psl) 

2450 

3210 

3210 

2680 

2400 

mean 

2750 

4100 

5640 

std,  dev. 

460 

390 

230 

1.74 

0.86 

1.68 

1.47 

0.98 

2.13 

Young's  Modulus^ 

1.89 

0.81 

1.44 

(10^  psi) 

0.85 

1,83 

mean 

1,70 

0.88 

1.77 

std,  dev. 

.21 

0.07 

.29 

Tension  for  block,  compression  for  mortar  and  grout 
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Table  5  compares  tensile  strengths  (measured  directly  from  3-course  prisms  laid  in 
stacked  bond  and  fully  grouted).    Again,  it  is  evident  that  vibration  compaction  is 
significantly  superior  to  puddling.    Admixture  tests  are  under  r eevaluation,  as  noted 
above. 

5.3  Ratio  of  Tensile  to  Compressive  Strengths 

The  tensile  strength  of  plain  concrete  is  approximately  0.1  times  the  compressive 
strength.    The  data  of  Table  6,  obtained  from  the  foregoing  test  series,   shows  that  the 
ratio  of  tensile  to  compressive  strength  for  concrete  masonry  (referred  to  bed  joint 
planes)  is  approximately  0.05.     The  reason?     The  mortar  bonds  furnish  virtually  no 
tensile  strength,  the  grout  core  takes  the  tensile  load,  and  the  ratio  of  grout  area  to  the 
total  cross  sectional  area  is  approximately  a  factor  of  two. 

5.4  Influence  of  Flaws 

The  influence  of  flaws  is  implicitly  exhibited  in  the  data  of  Tables  4  and  5.  That 
is,   vibration  compaction  and  admixtures  tend  to  reduce  the  number  of  flaws  and  hence  to 
increase  strength. 

An  explicit,  dramatic  flaw  influence,  however,  is  worth  noting  at  this  point.  Upon 
examination  of  the  surface  associated  with  a  failed,  puddled  prism  (failed  in  tension) 
with  no  admixture,  the  cross-hatched  area  of  Fig  26  was  deduced  to  be  free  from  flaws, 
i  e,  the  remaining  area  represented  a  flaw  in  which  no  bond  existed  across  the  plane  of 
failure.    Based  upon  the  measured  tensile  strength  of  the  grout,  and  the  measured  area 
of  integrity,  the  tensile  strength  of  the  prism  was  predicted  exactly.    Hence  there  can  be 
no  doubt  that  flaws  significantly  influence  masonry  strength. 

It  should  be  noted  that  a  definite  scale  effect  has  been  observed  with  respect  to 
flaws.    This  point,  which  was  mentioned  under  Section  4.7  is  such  that  small  specimens, 
such  as  prisms,  are  more  flaw  sensitive  than  full- scale  specimens,   such  as  panels. 
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5. 5  Elastic  Moduli 

Typical  initial  tangent  moduli  based  upon  the  3-course  tension  tests  described  pre- 
viously are  shown  in  Table  7.     These  data  are  in  good  agreement  with  full-scale  panel 
data.     Failure-point  secant  moduli  are  also  provided  in  Table  8.     Measurements  were 
conducted  as  illustrated  in  Fig  27. 

Of  considerable  interest,   from  the  standpoint  of  nondestructive  testing,  is  the  ratio 
of  moduli  to  strength.     Typical  data  on  this  subject  is  provided  in  Table  9. 

5.6  Prediction  of  Compressive  Strength  from  Component  Properties 

Whereas  the  tensile  strengths  of  either  prisms  or  panels  can  be  estimated  from 
component  properties.   Tables  3  and  4  indicate  that  the  situation  is  not  as  simple  for  the 
case  of  compression.     Note  that  the  component  compressive  strengths  in  Table  1  exceed 
the  prism  compressive  strength.     This  matter  is  currently  under  investigation. 

VI.    SELECTED  RESULTS  -  INTERFACES 

6. 1  Materials 

The  component  materials  for  this  test  series  are  described  in  Table  3.  Grouted 
specimens  were  compacted  by  puddling. 

6.2  Joint  Behavior 

Data  on  joint  fracture  and  po st- fracture  behavior  is  a  prerequisite  to  a  basic  under- 
standing of  failure  processes,  and  is  necessary  for  modeling  on  the  micro-scale.  A 
typical  test-setup  for  monotonic  loading  of  full-blocks  is  illustrated  schematically  in 
Fig  28.    In  each  test  a  constant  normal  stress  was  maintained  across  joint-planes,  and 
the  shear-stress  distribution  on  these  planes  was  varied  by  driving  the  center  block  in 
displacement  control.    Figures  29  and  30  exemplify  typical  static  and  dynamic'''  behavior 

'''The  dynamic  test  fixture  is  complex  and  is  not  shown  here. 
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^A"  J  Aluminum 

^  'Base  Plate 


Fig. 28  Joint  Test    Setup.  Fig. 29  Behavior  of  Bed  Joints 

Under  Precompression . 


DISPLACEMENT  S(in  ) 


Fig.30  Strain  -  Rate  Dependence.  Fig. 31  Joint  Behavior  Under 

Cyclic  Loading- 
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for  grouted  and  ungrouted  bed  joints.     The  following  basic  characteristics  are  noted: 
(1)    joint  fracture  strength  increases  monotonically  with  precompr es sion  up  to  a  block- 
failure  transition  (the  maximum  shear  stress  vs  normal  stress  for  both  grouted  and  un- 
grouted specimens  is  shown  in  Fig  33);  (2)    under  precompression  exceeding  100  psi- 
fracture  load  decreases  with  displacement  (Fig  29)  in  a  relatively  smooth  manner  to  a 
limiting  value  which,   in  turn,  depends  upon  the  level  of  precompression;  (3)    no  discernible 
rate -dependence  is  evident  in  the  ranges  .01  to  .50  in/sec  under  monotonic  loading  (Fig  30) 
and  in  the  range  .0  5  to  .50  Hz  under  cyclic  loading;  (4)  cyclic  experiments  (Fig  3  1) 
indicate  that,  following  the  first  load  reversal,  load- displacement  history  is  a  function 
only  of  total  displacement-path  length  and  is  not  direction- sensitive;  (5)    ultimate  strengths 
of  head  joints,  and  ungrouted  bed  joints  are  considerably  less  than  associated  grouted  bed 
joints;  (6)    in  the  absence  of  precompression,  joint  behavior  is  brittle  -  ungrouted  bed  and 
head  joints  exhibit  extremely  low  (3-30  psi)  shear  and  tensile  strengths  as  well  as  large 
data- scatter. 

Joint  shear  force  V  vs  displacement  6  data  suggested  that  the  post-fracture  regime 
could  be  represented  by  solutions  of  the  differential  equation 

dV/d6  =  -  c[V(6)  -  V  ]  (5) 

CO 

where  V    denotes  the  asymptote  at  "infinite"  displacement  and  c  is  a  function  of  the  work 

CO 

W(6)  done  up  to  the  displacement  6,  viz, 

W(6)  =  f  V(6')d6'  .  (6) 
«1 

Using  the  following  solution  of  (5), 

CW(5)  -  V  ]/[V,  -  V  ]  =  exp[-{c  f  [W(6')]^^^d5'  +  b]]  (7) 

CO  J.  CO  ^ 

^1 

where  5^  corresponds  to  the  maximum  shear  for  V^,  a  nonlinear  regression  method  was 
developed  to  determine  the  constants  c,  b,  and  v   ,  and  the  correlation  shown  in  Fig  29 

Q9 

was  obtained.     The  points  denote  statistical  means  from  at  least  three  tests.  Agreement 
is  remarkable. 
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Finite  element  simulation  of  the  joint  tests  was  performed  as  a  first  step  in  the 
micro-modeling  process.    Local  properties  were  established  which  enabled  the  analysis 
to  match  the  experimental  V  vs  5  data  and  which  are  reasonable  when  judged  against 
independent  measurements  of  interface  strength.    A  typical  correlation  for  ungrouted  bed 
joints  is  shown  in  Fig  32.    Agreement  is  seen  to  be  good.    Details  of  this  work  are  con- 
tained in  reference  [3].    Subsequent  to  "tuning"  the  simulation  of  joint  data,  the  above 
finite  element  model  was  utilized  to  predict  biaxial  panel  behavior  without  further  "tuning". 

VII.  CLOSURE 

The  program  described,  in  part,  herein  represents  the  first  fundamental  and 
comprehensive  effort  to  describe  the  material  properties  of  concrete  masonry. 

The  experimental  apparatus  necessary  to  generate  data  with  integrity  is,  of 
necessity,  complex  and  sophisticated.    A  time  span  of  approximately  two  years  has  been 
necessary  to  bring  all  systems  to  a  production  basis.    An  avalanche  of  important  results 
is  now  taking  place. 

  While  modeling  was  not  discussed,  excellent  correlation  has  been  obtained  to  date 

between  experimental  results  and  finite  element  simulations  or  modeling  on  the  micro 
scale.    In  particular,  it  appears  that  the  macro-behavior  of  concrete  masonry  can  be 
rationally  predicted  from  masonry  constituent  properties. 

Finally,  masonry  is  some  20  years  or  more  behind  concrete  with  respect  to 
knowledge  of  material  properties.    Such  a  gap  cannot  be  closed  overnight.     It  is  imperative 
that  programs  of  the  type  discussed  in  this  paper  be  sustained  for  a  time  period  suf- 
ficiently long  to  allow  the  effort  to  come  to  fruition. 

It  is  also  imperative  that  the  masonry  industry  organize  on  a  national  basis  -  much 
as  the  concrete  industry  has  -  if  progress  in  this  area  is  to  be  made  within  a  reasonable 
time  period.     The  absence  of  comprehensive  knowledge  concerning  fundamental  material 
properties  -  if  allowed  to  continue  -  can  only  invite  potentially  enormous  safety  and 
economic  problems. 
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AN  EXPERIMENTAL  STUDY  OF  CONNECTIONS  IN  REINFORCED  CONCRETE  MASONRY 

MASONRY  STRUCTURES  UNDER  SEISMIC  LOADING 


J.  Isenberg^,   G.  A.   Hegemier^,  A.  Anvar^ 

ABSTRACT 

This  paper  describes  a  University  of  California,  San  Diego  test  program  to 
determine  the  behavior  of  typical  floor-to -wall  connections  utilized  in  reinforced  concrete 
masonry  structures.     The  experiments  are  part  of  an  extensive  research  effort  on  the 
seismic  response  of  reinforced  concrete  masonry  buildings, 

1.  INTRODUCTION 

A  research  program  to  investigate  the  properties  of  reinforced  concrete  masonry 
under  seismic  loading  is  being  carried  out  under  sponsorship  of  NSF/RANN.  The 
experimental  portion  of  the  program  aims  to  obtain  the  stiffness  and  strength  character- 
istics of  such  basic  structural  units  as  shear  wall  panels  and  floor-to-wall  connections. 
In  the  laboratory,  uniform  forces  and  displacements  are  applied  so  that  average  stress/ 
strain  and  strength  properties  are  obtained  for  the  specimens.    These  are  regarded  as 
units  in  complex  structural  systems  whose  behavior  eventually  will  be  predicted  by 
mathematical  models  based  on  the  laboratory  tests.    A  test  program  for  masonry  panels 
is  already  well  underway. 

The  next  phase  of  the  test  program  focuses  on  floor-to-wall  and  wall-to-wall 
connections.     The  function  of  such  connections  is  shown  in  Figure  1.     Tests  are  about  to 
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start  on  floor-to-wall  connections  under  cyclic  loading.     The  tests  will  be  conducted  in  an 
existing  frame  which  has  been  extensively  used  for  testing  panels.     Three  different 
connection  types  have  been  selected  for  initial  study.    Other  types  and  details  may  be 
considered  later.     This  paper  summarizes  the  planned  test  program  for  connections 

II.    TEST  PROGRAM 

The  tests  on  connections  will  be  conducted  in  the  frame  shown  in  Figure  2.  The 
philosophy  of  the  test  is  to  prevent  horizontal  displacements  of  the  wall  panel  while 
applying  oscillatory  horizontal  motion  to  the  floor.     Constant  force  is  applied  in  the 
vertical  direction  to  simulate  the  weight  of  stories  above  the  test  floor;  eventually,  an 
oscillatory  vertical  force  may  be  superposed  on  this  constant  to  simulate  the  effects  of 
overturning  on  the  test  wall.    The  objective  is  to  obtain  reasonably  uniform  horizontal 
shear  stresses  and  vertical  normal  stresses  on  the  plane  of  the  connection.    The  strength 
and  horizontal  force-deflection  relationship,  including  a  falling  or  softening  branch,  if 
any,  are  the  main  quantities  of  interest. 

An  advanced,   computer-controlled  servo  system  will  be  used  to  control  the 
hydraulic  actuators  which  apply  the  loads  and  displacements.    All  loads  on  the  wall  and 
the  floor  slabs  are  applied  through  aluminum  edge  members  or  "Logs".    At  the  bottom  of 
the  test  specimen.   Log  A  in  Figure  3,  the  absolute  displacement  of  the  four  jacks  will  be 
controlled  (i.  e.  ,  stroke  control)  from  LVDT's.    At  the  top  of  the  specimen.  Log  B  in 
Figure  3,  the  forces  in  the  four  jacks  will  be  prescribed  via  load  cells  to  simulate  the 
weight  of  stories  above.    At  the  left  hand  side.  Log  C  in  Figure  3,  no  horizontal  dis- 
placement will  be  allowed  (i.  e.  ,  stroke  control);  and  load  cells  will  measure  horizontal 
force.    At  the  right  hand  side.  Log  D,  horizontal  forces  equal  to  those  at  Log  C  will  be 
applied;  thus,  the  horizontal  load  on  the  specimen  will  be  shared  equally  (half  in  tension, 
half  in  compression)  by  the  horizontal  actuators.     The  loads  in  the  actuators  connected  to 
Log  D,  will  be  servo-controlled  on  the  basis  of  the  load  recorded  at  Log  C.     Logs  are 
bonded  to  the  specimen  by  a  polymer  which  is  capable  of  transmitting  tensile  forces  of 
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about  60  to  70  kips  hence,  shear  forces  of  120  to  140  kips  can  be  resisted  by  the  arrange- 
ment described  above.    If  higher  shear  forces  are  needed  to  break  the  connection,  the 
test  procedure  will  be  modified. 

Oscillating  relative  horizontal  displacements  between  the  wall  and  floor  sections 
will  be  prescribed  to  simulate  the  inertia  of  floors  in  earthquakes.     The  relative 
displacements  will  be  measured  by  mounting  LVDT's  on  the  floor  panel  and  companion 
brackets  on  the  wall.    The  measurement  will  be  compared  with  a  prescribed  one  and  the 
forces  in  jacks  connected  to  Logs  E  and  F  of  Figure  3  will  be  adjusted  accordingly. 
Forces  on  the  floor  will  be  tension  on  one  side  and  an  equal  compression  on  the  other. 
This  will  provide  as  uniform  a  distribution  of  shear  stresses,  in  the  plane  of  connection, 
as  is  possible  to  achieve. 

The  types  of  connections  to  be  tested  have  been  selected  on  the  basis  of  discussions 
with  several  California  structural  engineers  who  are  intimately  familiar  with  seismic 
provisions  of  building  codes.    Although  there  is  disagreement  among  practicing  engineers 
as  to  what  details  are  most  commonly  used,  there  is  a  consensus  that  the  types  of  con- 
nections illustrated  below  are  common. 

The  first  major  type  of  connection,  to  be  tested  initially,  involves  precast, 
reinforced  concrete  slabs  supported  by  an  interior  masonry  v/all.    Two  construction 
details  are  shown  in  Figures  4  and  5.    In  the  construction  detail  of  Figure  4,  bars 
embedded  in  the  slab  are  bent  up  at  36"  spacing  and  embedded  in  the  grout  core,  with  one 
continuous  No.   5  chord.    All  cells  of  the  wall  are  grouted.    A  much  simpler  detail  is 
shown  in  Figure  5,  in  which  there  is  only  one  continuous  No.   5  chord  and  shear  transfer 
is  provided  through  the  bond  between  the  slab  and  the  masonry  wall  by  shear  keys. 

The  second  major  connection  type  involves  a  cast-in-place  slab  supported  by  an 

interior  masonry  wall.  Figure  6.     Bars  embedded  in  the  top  and  bottom  of  the  slab  are 

continuous  through  the  grout  core.     A  continuous  No.   5  chord  is  also  set  in  the  plane  of 

connection.    All  cells  of  the  wall  are  grouted. 

The  third  major  connection  type  shown  in  Figure  7,  involves  hollow  core, 
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prestressed  concrete  planks  supported  by  an  interior  masonry  wall.    In  this  detail,  in 
addition  to  the  common  No.   5  chord  in  the  grout,  there  are  continuous  bars  in  the  concrete 
topping,  poured  on  the  slabs.    As  in  the  other  details,  all  cells  of  the  wall  are  grouted. 

The  test  matrix  is  shown  in  Table  1.     It  is  planned  to  begin  the  test  series  with  a 
constant  vertical  load  (dead  load  only). 
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Table  1.     Connection  test  matrix 


VERTICAL  DEAD  LOAD 
VERTICAL  DEAD  WITH  OVERTURNING 

LOAD  ONLY  MOMENT 

Mid  Rise  High  Rise  High  Rise  Only 

Precast  slab  to  interior  wall 

Detail  #1  100-200  psi  200-500  psi  400  ±  200  psi 

Detail  #2  100-200  psi  200-500  psi  400  ±  200  psi 

Cast-in-place  slab  to  interior 
wall 

Detail  #3  100-200  psi  200-500  psi  400  ±  200  psi 

Prestressed  cone,  plank  & 
topping  floor  to  interior  wall 

Detail  #4  100-200  psi  200-500  psi  400  ±  200  psi 
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Concrete  wall-bearing 
transfers  lateral  loads 
parallel  to  it   


Fig.    I.     Function  of  connection  in  shear  wall  structure. 
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Fig.   2.     Connection  test  set-up. 
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Fig.  3.    Connection  specimen  and  edge  members. 


161 


162 


164 


MASONRY  RESEARCH  AND  CODES  IN  THE  UNITED  KINGDOM 


William  B.  Cranston 
Deputy  Head,  Design  Department 
British  Cement  and  Concrete  Association 


ABSTRACT 

A  brief  description  of  the  various  research  projects  known  to  the 
author  is  given,    defining  the  objectives,    conclusions  and  tentative 
conclusions  where  appropriate.     Selected  references  are  also  given.  The 
second  part  of  the  paper  gives  details  of  some  of  the  proposed  changes  and 
additions  to  the  United  Kingdom  Masonry  Code. 

INTRODUCTION 

Much  of  the  current  research  in  the  United  Kingdom  is  fundamental  in 
character,   and  there  are  no  projects  directly  related  to  response  to 
earthquake  loading.     However,    precisely  because  the  work  is  fundamental 
it  should  have  as  much  application  to  earthquake  loading  as  to  any  other 
loading.     The  work  is  mainly  on  unreinforced  masonry,   reflecting  the 
currently  small  use  of  reinforced  masonry  in  the  U.K. 

The  work  is  summarized  for  each  establishment  in  turn,   and  the  names 
of  the  individuals  concerned  are  also  given.     Further  information  on  the 
projects  can  be  obtained  by  contacting  the  organisations  direct. 

As  far  as  Codes  are  concerned,   the  current  version  was  written  originally 
in  1948  and  has  been  subject  to  only  minor  amendment  since  that  time.  A 
revised  draft,   introducing  the  limit  state  concept,    is  nearing  completion. 
The  limit  state  format  would  seem  particularly  useful  to  the  treatment  of 
earthquake,    since  specific  methods  are  given  to  define  the  ultimate  resistance 
of  masonry.     It  is  hoped  therefore  that  this  information  will  prove  useful  to 
the  workshop. 

1.  RESEARCH  PROJECTS 

1 . 1        Cement  and  Concrete  Association,   Wexham  Springs,   Slough  SL3  6PL 
United  Kingdom 

Staff       -     W.B.  Cranston,    J.B.  Read,    J.J.  Roberts,   S.W.  Clements 

Project   1         Vertical   load  capacity  of  concrete  block  masonry  under  central 
and  eccentric  load. 

Reports  of  tests  under  central  load  have  been  published^  "'^^  ^  ^^and  a 
paper  containing  details  of  the  first  series  of  eccentrically  loaded  walls 
has  also  been  publishedC^K     A  major  feature  of  this  work  has  been  that 
strain  and  deflection  readings  have  been  recorded  on  the  walls  up  to  the 
point  of  maximum  load  and  beyond  in  some  cases  (a  stiff  8OO  T  capacity  testing 
machine  is  being  usedi     An  interesting  result  is  that  slender  eccentrically 
loaded  walls  reach  maximum  load  without  any  material  distress  being  evident 
in  either  blocks  or  mortar.     Also  strains  measured  across  the  joints  are 
very  much  larger  than  those  calculated  allowing  for  the  reduced  E  appropriate 
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to  the  mortar .  ,^This  phenomenon  was  also  noted  by  and  perplexed  early  American 
investigators         .      It  has  been  tentatively  concluded  on  this  that  even  with 
the  best  workmanship  there  are  substantial  areas  of  the  bed  joints  whore  there 
is  a  slight  crack  or  separation  up  to  0.1mm  (0.004")   wide,   due  in  part  to  mortar 
falling  away  at  the  edges  o^.the  joint.     This  is  the  so-called  "teeter-totter'^'^, 
effect  described  by  Haller       •  r-i^^  even  earlier  reference  is  made  by  Nylander 
who  refers  to  a  thesis  by  Hast 

Further  test  work  on  eccentrically  loaded  walls  is  planned  and  tests  with 
extensive  strain  measurements  in  the  joint  area  are  being  made  on  prisms  made 
from  two  stack-bonded  blocks. 


Project  2       The  effect  of  perforations  in  brick  shaped  units 

Tests  on  solid  bricks  give  an  overestimate  of  the  uniaxial  strength,  due 
to  confinement  stresses  induced  by  the  testing  machine  platens-  Obviously 
perforations    must  reduce  this  confinement  effect  and  the  strength  indicated 
from  testing  the  perforated  brick  should  be  closer  to  that  exhibited  in  wall 
tests,   where  the  platen  effect  does  not  exist. 

In  the  tests  perforations  have  been  introduced  into  215  ^  105  ^  65  mm 
concrete  bricks  by  carefully  drilling  holes  of  various  diameters,   to  give 
perforated  areas  ranging  from  2.7%  to  7%»     Standard  unit  tests  were  carried 
out  with  plywood  sheets  between  the  brick  faces  and  the  testing  machine  platens 
and  a  20%  reduction  in  unit  strength  expressed  over  gross  area  was  recorded 
at  the  7%  perforation  level.     Five-high  prisms  using  a  mortar  with  strength 
close  to  that  of  the  bricks  showed  a  reduction  much  nearer  to  the  7%  net  area. 

It  thus  appears  that  the  ratio  of  unit  strength  to  masonry  strength  is 
higher  for  perforated  units,   and  this  could  lead  to  changes  in  the  design 
stresses . 


Project  3       Influence  of  capping  material  on  indicated  unit  strength  of  concrete 
blocks.  (8)(  ) 

A  large  series  of  tests  have  been  carried  out  with  mortar  capping 

and  various  types  of  board  capping.     It  has  been  concluded  that  the  board 
capped  blocks  give  an  indicated  strength  consistently  10%  less  than  the  mortar 
capped  blocks,  with  a  similar  coefficient  of  variation.     It  follows  that  the 
fibre  board  method  will  be  equally  effective  in  providing  a  production  of  site 
controls    of  block  strengths.     The  costs  of  a  board  capped  test  are  considerably 
less  than  for  mortar  capping  and  it  is  hoped  that  this  method  will  be  adopted 
in  U.K.  practice. 


Project  4       Behaviour  of  reinforced  block  masonry  walls  in  flexure. 

Approximately  35  specimens  with  various  reinforcement  arrangements  have 
been  tested.     Standard  size  reinforcing  bars  were  used  and  in-situ  concrete 
cast  around  the  bars  previously  placed  in  voids  in  hollow  blockwork.  High 
slump  concrete  was  used  to  ensure  proper  filling  of  all  voids.     The  essential 
conclusion  from  the  tests  is  that  the  ultimate  behaviour  is,  as  far  as  can  be 
seen,   identical  to  that  displayed  by  ordinary  reinforced  concrete.     The  ultimate 
moments  can  be  predicted  from  conventional  assumptions  in  regard  to  ultimate 
strains  and  stress-blocks.     No  reinforcement  was  provided  to  resist  shear 
forces,  and  apart  from  a  few  specimens  with  impractically  large  percentages  of 
steel,   no  shear  failures  occured.     Further  work  is  planned  to  evaluate  flexural 
failure  more  precisely  and  to  check  on  behaviour  in  shear. 
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Project  5       Ductility  of  concrete  compression  zone. 


This  project  is  currently  studying  the  effects  of  the  aspect  ratio, 
i.e.   ratio  of  breadth  of  compression  zone  to  depth  of  neutral  axis,  of 
the  compression  zone  in  beams  on  the  rotation  capacity.       Up  till  recently 
it  has  been  thought  that  the  major  variable  was  just  the  depth  to  the 
neutral  axis.       Where  the  breadth  is  large  in  respect  to  the  depth,   i.e.  in 
a  slab  situation,   rotations  of  O.O5  to  0.10  radians  are  easily  attainable, 
without  the  compression  zone  losing  its  capacity  to  resist  load.       Where  the 
breadth  is  small  in  respect  to  the  depth,   the  rotation  capacity  is  much  less. 
Provided,   however,   the  neutral  axis  depth  is  kept  below  0.3  of  the  effective 
depth,   reasonable  rotations  (up  to  .02  -  .03  rad)  are  still  obtained. 

It  is  expected  that  these  results  will  also  be  valid  for  masonry  shear 
walls,   subject  to  bending,   provided  the  shear  capacity  of  the  wall  is  not 
exhausted  first.       It  is  intended  to  carry  out  some  shear  wall  tests  to 
confirm  this. 


1.2       Department  of  Civil  and  Structural  Engineering,   Polytechnic  of  the 
South  Bank,   Wandsworth  Road,    London  SW8  2JZ,   United  Kingdom 

Staff  -  Mr.  Colin  Anderson 

Project   1       Lateral  resistance  of  concrete  block  masonry  wall  panels 

A  major  design  problem  has  arisen  in  the  U.K.   in  that  large  unreinforced 
wall  panels  have  been  installed  in  many  single  storey  industrial  buildings 
without,    it  appears,   any  great  number  of  failures.       New  Building  Regulations 
now  clearly  do  not  permit  such  large  size  panels  and  there  is  no  authoritative 
design  guidance  available.       The  typical  slenderness  ratios  for  the  panels 
used  are  often  well  outside  the  limits  of  the  current  German  or  American 
Codes. 

A  A     on  1  1  (10^      (11)      V,  V,  4.         4.  A 

Around  20  walls  have  been  tested  so  far  under  various 

boundary  conditions  and  this  indicates  that  a  yield  line  type  of  failure 
takes  place,   accompanied  by  membrane  forces.       I'he  development  of  these 
membrane  forces  means  that  the  wall     still  carries  load  at  deflections  up 
to  and  beyond  half  the  wall  thickness,   at  which  stage  an  extensive  pattern 
of  cracking  has  developed.       Most  panels  tested  have  been  supported  on  two 
sides  and  base  and  lateral  resistances  of  between  100  -  200  Ib/sq  ft  have 
been  developed.       Panels  supported  top  and  bottom  are  giving  much  lower 
results,  as  would  be  expected,   in  the  10  Ib/sq  ft  region. 

Further  work  in  this  area  will  depend  on  continued  funding,   which  is 
at  present  mainly  from  Government  sources. 

Project  2       Direct  tensile  strength  of  mortar  -  block  interface 

A  series  of  tests,   using  the  standard  apparatus  as  specified  for  the 
ASTM  test  have  just  begun,   following  an  extensive  series  of  flexural  tests 
on  four-high  stack-bonded  prisms.       Strains  measured  across  the  joints  in 
such  tests  indicate  a  much  higher  joint  strain  than  can  be  calculated 
allowing  for  the  reduced  E  appropriate  to  the  mortar.       This  is  in  accord 
with  the  Cement  and  Concrete  Association's  results  under  compressive 
loading . 
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1.3  British  Ceramic  Research  Association,   Queens  Road,  Penkhull, 
Stoke-on-Trent  ST4  7LQ,   United  Kingdom 

Staff  -  H.WJI.   West,   H.R,  Hodgkinson,   D.C.  Beech,   B.A.  Haseltine* 

Project   1       Lateral  resistance  of  brick  masonry  wall  panels  -  with 
vertical  precompression 

This  work  is  of  many  years  standing  and  was  designed  to  establish 
levels  of  precompression  which  would  enable  walls  to  withstand  the  5  p.s.i. 
(720  Ibs/sq  ft)    'accidental  pressure'   which  has  been  specified  in  U.K.  Codes 
following  the  Ronan  Point  collapse.       As  a  result  a  simple  three  pinned 
arch  theory  has  been  accepted  in  the  revision  to  the  Masonry  Code  from 
which  the  precompression  reauired  on  the  wall  of  a  given  storey  height  and 
thickness  can  be  derived.       Typical  calculations  show  that  the  normal  dead 
load  and  live  loads  from  four,   or  even  three,   storeys  is  sufficient  to 
provide  this  precompression.       It  follows  that  in  many  cases  no  special 
design  features  are  needed  to  deal  with  this  problem  at  the  lower  storey 
levels,   apart  from  adequate  ties  to  external  walls. 

Project  2       Lateral  resistance  of  brick  masonry  walls  -  without  precompression 

This  project  exists  for  the  same  reasons  as  that  outlined  under  the 
similar  heading  for  concrete  masonry  walls  and  is  somewhat  more  advanced 
in  that  a  wider  range  of  tests  have  been  carried  out.       Three  technical 
notes  (12),    (13)1    (14)   have  been  published  giving  results  and  recommendations. 
Yield  line  theory  is  suggested  as  the  basis  for  design  using  different 
moments  of  resistance  across  and  at  right  angles  to  bed  joints.  These 
moments  of  resistance  are  to  be  calculated  from  recommended  tensile  stresses 
which  vary  according  to  the  absorption  characteristics  of  the  bricks. 

Testing  is  continuing  with  some  tests  being  carried  out  using  virtually 
rigid  side  supports. 

Project  3       Use  of  probability  theory  to  determine  safety  factors 

This  work  was  carried  out  to  assist  in  establishing  safety  factors 
to  cover  various  degrees  of  control  in  manufacturing  units  and  varying 
standards  of  workmanship  on  sites.       Considerable  anomalies  emerge  from 
using  normal,   i.e.  Gaussian,   distributions  and  these  have  been  overcome 
by  using  normal  distributions  truncated  beyond  three  standard  deviations. 
A  technical  note  (15)   is  available. 

1.4  Department  of  Civil  Engineering  and  Building  Science,  Edinburgh 
University,  King's  Buildings,  Mayfield  Road,  Edinburgh  EH9  JJL, 
Scotland,   United  Kingdom. 

Staff  -  A.W.  Hendry,   B.P.  Sinha 

Project  1       Shear  resistance  of  unreinforced  masonry 

This  project  is  complete  and  the  results  published  some  considerable 


^Consultant  to  British  Ceramic  Research  Association 
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time  ago  forms  the  basis  for  the  proposals  in  the  revised  U.K. 

Code  which  define  characteristic  shear  strength  equal  to  a  small  basic 
strength,    essentially  equal  to  the  shear  strength  along  bed  joints  in  the 
absence  of  precompression,   plus  0.4  g^j  where  g^  is  the  average  stress 
produced  by  precompression. 

Project  2       Estimation  of  effective  length  and  design  eccentricity 

Present  assessments  of  effective  length  as  affected  by  the  restraints 
provided  by  slabs  are  extremely  arbitrary,   as  are  the  assumptions  about 
eccentricity  of  load  applied  by  the  same  slabs.       The  provisions  whereby 
effective  height  is  determined  by  the  width  of  panels  between  stiffening 
piers  or  return  walls  are  also  arbitrary. 

Full  scale  testing  is  currently  being  planned  to  investigate  this 
general  area. 


Project  3       Lateral   loading  of  masonry  panels 


This  is  similar  to  the  projects  under  way  at  the  Polytechnic  of  the 
South  Bank  and  at  the  British  Ceramic  Research  Association.       In  this 
instance  the  work  has  been  carried  out  on  walls  constructed  of  model 
bricks.       Broadly  the  same  conclusions  have  been  reached  ^■'■7)  as  in  the 
other  establishments,   but  there  is  some  disagreement  as  to  appropriate 
tensile  stresses  for  design.       Tests  on  full  size  brick  prisms  have  been 
carried  out  -^q  investigate  this  point. 


Project  4       Concentrated  loads  on  masonry  walls 


The  current  U.K.  Code  allows  an  arbitrary  50%  increase  in  design  stress 
for  concentrated  loading.       A  series  of  tests  have  been  carried  out  to  check 
whether  this  increase  is  justified.       The  conclusion  is  that  it  is,   but  some 
caution  is  suggested  for  loads  applied  at  the  end  of  a  wall,  and  some  increase 
in  stress  might  be  admissible  where  the  load  is  some  distance  from  the  end. 


1.5       University  of  Wales,    Institute  of  Science  and  Technology, 
Cathays  Park,  Cardiff,   Wales,   United  Kingdom 

Staff  -  A.  Lenczsner 

Project  1      Creep  in  concrete  and  brick  masonry 

With  high  rise  construction  the  possibility  of  large  movements  due 
to  creep  of  concrete  block  work  clearly  requires  assessment.       This  project 
has  been  operative  for  a  number  of  years  and  results  have  been  publi  shed^  ■'■9 ) 


1.6       Building  Research  Establishment,  Garston,  Watford  WD2  7JRi 
United  Kingdom 

Staff  -  J.  Moore 

Project  1       Reinforced  brick  masonry 


An  extensive  series  of  tests  on  reinforced  walls  and  columns  has  been 
carried  out,  with  reinforcement  placed  mainly  in  grouted  cavities.  This 
work  was  carried  out  some  vears  ago  for  the  British  Ceramic  Research 
Association  and  has  not  yet  been  published. 
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Project  2       Lateral   load  on  wall  panels 


No  work  on  this  is  being  carried  out  at  the  Building  Research 
Establishment,   which  in  this  instance  is  supervising  work  being  carried 
out  by  the  British  Ceramic  Research  Association. 

1.7       Department  of  Civil  Engineering,   Paisley  College  of  Technology, 
High  Street,  Paisley  PAl  2BE,   Scotland,   United  Kingdom 

Staff  -  G.  Keay 

Project  1       Properties  of  masonry  made  from  aerated  concrete  blocks 


Aerated  (or  foam)    concrete  blocks  are  extensively  used  in  the  U.K. 
because  of  their  insulation  properties.       Their  mode  of  failure  appears 
in  some  respects  more  brittle  than  that  of  concrete  blocks,   and  in  other 
respects  (e.g.   fixings  can  be  simply  screwed  in)   more  plastic.  Some 
preliminary  testing  on  a  project  to  investigate  the  properties  has  been 
done,   but  is  in  abeyance  since  the  member  of  staff  concerned  is  currently 
on  a  sabbatical  year  in  Australia. 

2.  MASONRY  CODES  IN  THE  UNITED  KINGDOM 


2.1  Introductory  remarks 

Current  recommendations  for  design  in  the  U.K.  are  contained  in  a 
Code  of  Practice  CP  111  -  I97O  (20)_       ^^^^  latest  revision  was  in  1970, 
but  most  of  its  content  is  very  much  the  same  as  when  it  was  originally 
drafted  in  1948.       For  this  reason  this  paper  will  deal  with  the  revised 
version  which  is  currently  being  considered.       It  is  impossible  to  deal 
with  the  draft  in  full  and  for  this  reason  a  number  of  the  salient  features 
have  been  selected  for  presentation.       Despite  the  fact  that  no  drafts  for 
reinforced  masonry  have  been  prepared  some  anticipatory  remarks  are  made 
on  that  subject. 

2.2  Limit  state  concepts 

The  limit  state  concept,   as  agreed  by  the  CEB  (Comite  Europeen  du 
Beton) ,   has  been  adopted  in  the  United  Kingdom  and  several  other  European 
countries  as  the  basis  for  reinforced  and  prestressed  concrete  design. 
Essentially,  attention  is  focussed  on  the  various  ways  in  which  the  structure 
may  become  unfit  for  use,   each  of  these  ways  being  called  a  limit  state. 
Limit  states  are  divided  into  two  broad  categories,   ultimate  or  collapse 
limit  states,  and  serviceability  limit  states.       A  structure  which  has 
attained  an  ultimate  limit  state  would  require  either  total  or  partial 
replacement.       A  structure  which  has  attained  a  serviceability  limit 
state  will  require  remedial  repairs  but  no  substantial  replacement.  For 
reinforced  concrete  the  most  important  serviceability  limit  states  are 
those  due  to  excessive  cracking  or  deflexion.       Such  limit  states  do  not 
generally  apply  to  masonry  and  this  leaves  the  principle  limit  state  in 
masonry  as  being  the  ultimate  or  collapse  limit  state. 
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The  existing  masonry  Code  is  based  on  permissible  stresses,   from  which 
it  might  be  inferred  that  a  serviceability  design  is  being  suggested,  i.e. 
the  stresses  might  have  been  chosen  to  keep  cracking  and  vertical  shortening 
under  load  to  suitable  levels  under  working  load.       However,   reference  to 
the  technical  papers  on  which  the  Code  is  based  shows  that  the  stresses 
were  obtained  by  dividing  ultimate  stresses  obtained  from  tests  to  collapse 
by  an  appropriate  safety  factor.       However  the  magnitude  of  this  figure  has 
never  really  been  pinned  down.       A  figure  above  4.5  is  seldom  suggested, 
3.5  is  about  the  lowest  that  is  agreed  as  acceptable.       The  key  point  is 
that  the  procedure  is  already  an  application  of  the  limit  state  concept, 
by  providing  a  large  single  safety  factor  of  safety  against  collapse 
conditions  being  reached. 

In  developing  the  application  of  the  limit  state  concept  further  it  is 
necessary  to  consider  in  detail  the  possible  individual  influences  which 
could  lead  to  a  collapse.       Some  of  these  are:- 

(a)  Possible  increase  in  loads. 

(b)  Possible  understrength  of  units. 

(c)  Possible  understrength  of  mortar. 

(d)  Inadequate  filling  of  joints. 

(e)  Errors  in  specified  stresses  in  Codes  (may  be  unconservative  for 

unit  type  or  bond  being  used). 

(f)  Errors  due  to  simplification  in  analysis  (e.g.  neglecting 

eccentricity  of  load) . 

These  influences  are  not  too  difficult  to  assess  and  it  is  also  not 
difficult  to  assign  reasonable  figures  for  their  possible  variations.  It 
is  as  well  to  point  out  here  that  most  actual  collapses  occur  due  to  gross 
errors,   such  as  using  an  office  as  a  paper  store,   delivering  wrong  (and  much 
weaker  strength)   units  to  site,   misreading  the  permissible  stress  from  the 
tables  in  the  Code,   or  failing  to  appreciate  that  the  layout  of  a  building 
does  not  provide  lateral  support  at  the  top  of  the  walls.      The  prevention 
of  gross  errors,  whether  in  use,  construction  or  design,  cannot  be  by  safety 
factors  but  by  proper  controls,   inspection  and  checking. 

It  is  tempting  to  try  to  take  account  separately  of  each  individual 
influence  and  assign  different  safety  factors  to  each  one.       The  ISO 
Recommendations  on  this  ^21) list  a  total  of  six  partial  safety  factors. 
A  more  pragmatic  approach  has  been  adopted  in  the  U.K.  draft  in  that 
progress  has  gone  from  1  safety  factor  on  stresses  or  material  strengths 
to  2  partial  safety  factors,    one  on  loads  and  the  other  on  material  strengths 
The  partial  safety  factors    Vf  on  loads  are  1.6  on  imposed  load  and  1.4  on 
dead  load,  and  the  structure  is  analysed  under  these  factored  loads.  This 
has  the  result  of  giving  somewhat  higher  calculated  values  for  eccentricity. 
The  i)artial  safety  factor         on  materials  is  not  finally  settled  but  is 
likely  to  vary  between  2.5  and  3-5  depending  on  the  control  exercised  on 
the  unit  strength  and  site  workmanship.       The  design  process  ensures  that 
the  walls  are  capable  of  carrying  the  loads  arising  from  1.4  D    and  1.6 D 
on  the  assumption  that  the  masonry  strength  is  l/^^j^  times  a  so-called 
characteristic  strength  which  will  be  specified  in  the  construction 
documents.       For  slender  walls  an  additional  eccentricity  corresponding 
to  ultimate  conditions  is  defined  and  the  resistance  of  the  critical  cross- 
section  is  calculated  using  a  simple  rectangular  stress  block.  Under 
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central  load  the  maximum  stress  in  the  block  is  taken  as  fk/^m  ^here  f^.  is 
the  characteristic  masonry  strength.       Under  eccentric  load  at  right  angles 
to  the  wall  the  maximum  stress  in  the  stress  block  is  taken  as  1.1  fi<./^m  * 
Under  eccentric  load  in  the  plane  of  the  wall,   i.e.  when  shear  wall  action 
is  being  considered,   the  stress  distribution  at  ultimate  is  taken  as 
triangular  with  a  maximum  equal  to  fk/^ni  " 

The  assumption  of  a  rectangular  stress  block  is  simple  to  apply  where 
solid  fully  bedded  units  are  being  used  but  is  more  difficult  with  hollow 
or  perforated  units.       However,  all  practical  hollow  or  perforated  units 
have  a  cross-section  with  material  concentrated  at  the  outer  faces  and  are 
more  efficient  at  resisting  eccentric  load.       Thus  it  will  be  on  the  safe 
side  to  use  factors  derived  for  solid  blocks. 

The  parameters  assumed  to  control  the  masonry  strength  are  the  unit 
strength  and  the  mortar  grade.       Site  control  tests  are  limited  to  tests 
of  these.       A  characteristic  strength  may  be  derived  from  storey  height 
wall  tests  -  but  not  from  prism  tests. 

The  above  represents  an  undeniably  crude  procedure  for  predicting  the 
behaviour  and  strength  of  walls  under  ultimate  conditions,  and  points  to  a 
clear  need  for  more  research  into  the  detailed  behaviour  of  walls  at  collapse. 

2.3      Proposals  to  deal  with  lateral  loading  on  wall  panels 

A  popular  type  of  design  in  the  United  Kingdom  for  single  storey 
construction  is  where  widely  spaced  concrete  or  steel  portal  frames  carry 
the  roof  load  and  the  walls  are  purely  infill  panels  between  columns. 
Current  design  calculates  bending  moments  under  50  year  return  period  wind 
loads  and  checks  against  a  bending  strength  based  on  a  very  low  tensile 
strength.       Testing  to  establish  the  ultimate  strengths  of  such  panels 
indicates  a  considerable  reserve  of  strength  beyond  the  initial  cracking 
stage  and  it  seems  that  a  yield  line  type  of  analysis,   similar  to  that  used 
for  reinforced  concrete  slabs,   is  admissible.       Design  procedures  based  on 
this  have  been  worked  out,  although  discussion  continues  on  how  to  assess 
an  appropriate  ultimate  strength  along  the  yield  lines.       One  of  the  major 
advantages  of  the  method  is  that  the  yield  line  theory  can  easily  be  applied 
to  cases  where  window  and  door  openings  are  present,   cases  where  elastic 
analysis  becomes  very  difficult  indeed. 

The  panels  of  such  construction  tend  to  be  much  more  slender  than  North 
American  practice,   particularly  since  cavity  construction  is  used  with  inner 
and  outer  leaves.       While  cavity  construction  in  Britain  is  designed  to  resist 
water  penetration  from  driving  rain,   this  is  now  possibly  less  of  a  problem 
than  was  initially  thought.       However  insulation  requirements  have  been  made 
much  more  stringent  and  are  likely  to  provide  an  even  greater  use  of  cavity 
construction. 


2.4      Proposals  to  deal  with  accidental  damage 

Specific  requirements  are  laid  down  for  structures  of  five  or  more 
storeys  although  there  is  a  general  requirement  for  all  structures  to  be 
'robust'.       This  implies  arrangements  of  walls  to  resist  shear  in  two 
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directions  and  connections  of  floors  to  and  through  walls,  such  that  an 
overall  diaphragm  action  of  the  floor  is  possible. 


The  specific  requirements  are  either  for  minimum  vertical,  transverse 
and  peripheral  ties  to  be  provided  throughout  the  building.       The  reasoning 
behind  this  is  similar  to  that  described  by  Fintel  and  Schultz  (22)  fQ3- 
panel  buildings.       Vertical  ties  may  be  omitted  if  the  vertical  members 
concerned  can  carry  a  lateral  pressure  of  5  p.s.i.       In  checking  against 
this  the  preload  or  prestress  effect  of  dead  and  live  load  from  storeys  above 
can  be  taken  into  account.       The  practical  resuilt  of  this  is  that  walls 
carrying  four  or  more  storeys  generally  will  not  need  vertical  ties. 

Another  specific  requirement  is  to  require  all  structures  to  be  able  to 
resist  under  ultimate  conditions  a  lateral   load  equal  to  1^  of  the  dead  load 
of  the  building.       In  many  cases  in  the  United  Kingdom  the  design  wind  loads 
are  small  and  this  l|%  requirement  is  going  to  govern  many  designs.  Currently 
there  is  a  suggestion  to  bring  the  percentage  down  to  1%.       It  is  difficult 
to  compare  Codes  precisely  but  it  would  seem  that  this  effectively  0.015  D 
ultimate  requirement  would  translate  to  around  an  0.'005  D  requirement  in  the 
permissible  stress  situation  used  in  current  North  American  Codes.  This 
would,  again  very  roughly,   seem  to  be  adequate  for  minor  earthquake  loading. 
So  it  appears  that  the  U.K.  will  be  prepared  to  some  extent  for  possible 
earthquakes,   even  though  no  earthquakes  causing  other  than  absolutely  minimal 
structural  damage  have  occurred  in  the  U.K.   for  the  last  100  years. 


2. 5     Reinforced  masonry 


It  is  proposed  to  consider  drafts  in  this  area  as  soon  as  the  Code  for 
unreinforced  masonry  is  finalised.       Reinforced  masonry  in  the  U.K.  has  been 
used  only  for  some  rather  specialist  applications.       It  is  likely  that  the 
provisions  will  be  in  ultimate  limit  state  terms,  with  definitions  for  an 
ultimate  stress  block  being  laid  down. 


A  particular  difficulty  will  arise  out  of  the  U.K.  reluctance  to  use 
the  prism  test,   which  is  the  only  reliable  way  in  which  an  estimate  of  the 
infill  mortar  or  grout  strength  can  be  made. 

As  far  as  reinforced  concrete  block  masonry  is  concerned  where  vertical 
and  horizontal  reinforcement  is  used  the  behaviour  is  likely  to  be  very  close 
to  that  of  a  reinforced  concrete  wall,   particularly  where  the  infill  mortar 
grout  surrounds  the  horizontal  reinforcement  in  bond  beams.       For  this  reason 
the  design  clauses  will  probably  be  very  much  based  on  the  provisions  for 
reinforced  concrete  walls  given  in  the  current  U.K.  reinforced  concrete 
Code  CP  110  (23 ) _ 


3.       CONCLUDING  REMARKS 

It  will  be  seen  that  there  is  a  considerable  U.K.   effort  being  directed 
to  research  and  revision  of  design  standards  in  masonry.       This  reflects 
from  a  steady  usage  of  masonry  in  construction.       The  work  described  relates 
only  to  response  under  loads.       It  should  be  emphasised  that  a  considerable 
additional  research  effort  is  being  devoted  to  other  areas,   such  as  sound 
insulation,   noise  insulation,   rain  penetration  and  fire  resistance. 
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THE  CAPACITY  OF 
UNREINFORCED  MASONRY  SHEAR  WALLS 
UNDER  MEMBRANE  LOADS 


S.G.  Fattal 
National  Bureau  of  Standards 


ABSTRACT 


Four  different  types  of  unreinforced  masonry  walls  and  miscellaneous  companion  prisms 
were  subjected  to  various  configurations  of  membrane  forces  to  study  shear  wall  limit 
states  in  both  clay  brick  and  concrete  masonry.     The  specimens  that  were  subjected  to 
diagonal  compression,  in  combination  with  edge  loads  applied  normal  to  the  bed  joint, 
generally  displayed  failure  modes  characterized  by  diagonal  splitting  through  the 
masonry  units  or  by  separation  along  the  mortar  joints.     The  test  results  exhibited  a 
dependence  between  diagonal  load  capacity  and  the  intensity  of  normal  loads.  Square 
specimens  of  dissimilar  size  but  similar  in  composition  developed  comparable  strength 
when  subjected  to  diagonal  loading  alone,  providing  an  experimental  basis  for  evaluating 
the  diagonal  compressive  strength  of  masonry  by  standard  tests  using  small  prisms. 
The  directional  variation  of  strength  was  investigated  by  means  of  diametral  com- 
pression tests  of  circular  walls  and  diagonal  compression  tests  of  rectangular  prisms 
having  different  aspect  ratios. 


Key  Words;     Brick;  clay  masonry;  concrete  block;  concrete  masonry;  failure  modes; 
load  capacity;  masonry  walls;  shear  walls;  splitting  strength; 
ultimate  capacity. 
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1.  SCOPE 


Four  types  of  masonry  construction  were  investigated  in  this  project.     They  were 
nominally  4-in  (100-mm)    (thick)  single  wythe  brick  (clay  masonry),  10-in  (250-mm)  double 
wythe  grouted  brick,  8-in  (200-mm)  hollow  concrete  block  and  8-in  (200-mm)  fully  grouted 
concrete  block.     The  nominal  sizes  of  the  specimens  and  the  manner  of  loading  are  specified 
in  Figure  1.     Square  specimens  of  three  dissimilar  sizes  were  tested  in  diagonal  compression 
to  acquire  an  experimental  basis  for  a  possible  reduction  in  the  size  of  the  4-ft  (1.22-m) 
square  specimen  currently  recommended  by  the  ASTM  E519   [1]  diagonal  tension  test  method  for 
masonry  assemblages.     The  4-ft  (1.22-m)  square  specimens,  in  addition,  were  tested  in  diagonal 
compression  after  having  been  subjected  to  precompressive  forces  of  different  magnitudes, 
applied  normal  to  bed  joint.     The  intent  of  these  tests  was  to  examine  the  validity  of 
recently-proposed  failure  hypotheses   [2,  3]  to  predict  the  strength  of  the  diverse  types  of 
masonry  used  in  the  present  test  series.     The  diagonal  compression  tests  of  the  rectangular 
specimens  with  aspect   (height-to-length)   ratios  of  2.0  and  0.5,  and  the  diametral  compression 
tests  of  circular  grouted  concrete  block  specimens  were  utilized  to  study  the  directional 
variation  of  splitting  strength  relative  to  the  orientation  of  bed  joint.     For  each  type  of 
construction,  companion  prisms  of  similar  composition  were  constructed  and  tested  in  com- 
pression in  accordance  with  the  ASTM  E447   [4]   test  method. 

2.     CONSTITUENTS  AND  TEST  SPECIMENS 

The  materials  selected  for  the  construction  of  the  test  specimens  were  commercially 
available  and,  in  general,  were  typical  of  those  commonly  used  in  building  construction. 

The  brick  units  were  solid  with  three  circular  cores  (Fig.  2c),  conforming  to  Grade  SW, 

Type  FBS,  as  specified  in  ASTM  C216  [5]  ,    and  measuring  3.55  x  2.25  x  7.62  in  (90.2  x  57.2  x 

194.0  mm)  actual.     \'Jhen  tested  in  accordance  with  ASTM  C67   [6],  the  average  physical  proper- 

2 

ties  for  5  replicates  each,  were:     compressive  strength  =  9793  psi  (67520  kN/m  );  modulus  of 

9  2 
rupture  =  1010  psi  (6963  kN/m'^)  ;  initial  rate  of  absorption  =  5.6  g/30  in  /min 

2 

(0.093  g/19000  mm  /s);  24-hour  cold  absorption  =  6.5%;  5-hour  boil  absorption  =  8.1%;  satu- 
ration coefficient  =  0.79. 

The  concrete  masonry  units  were  8  x  8  x  16  in  (200  x  200  x  410-mm)  nominal,  7.6  x  7.6 
X  15.5  in  (193  x  193  x  394  mm)  actual,  two-core  hollow  normal  weight  block.     All  units  were 
of  the  same  shape,  known  as  kerf  block  (Fig.  4a),  which  has  a  double  center  web  spaced 
approximately  1/4  in  (6.4  mm)  apart,  which  allows  cutting  into  half  units  for  courses 
requiring  such  at  the  end  of  the  specimen.     Two  strengths  of  kerf  units  were  supplied.  The 
higher  strength  units  were  used  in  the  construction  of  the  circular  specimens,  the  lower 
strength  units  were  used  in  the  construction  of  all  the  other  concrete  block  specimens. 
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Figure  1    Configuration  of  test  specimens  and  loading 
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The  physical  properties  of  the  concrete  masonry  units  from  5  replicate  tests  conforming 

to  ASTM  C140  [7]  were,  for  the  higher  strength  units:     compressive  strength,  gross  area  = 

2  2 
2520  psi  (17390  kN/m  );  compressive  strength,  net  area  =  4480  psi  (30910  kN/m  );  absorption 

=  11.2  pcf  (179  kg/m^);  unit  weight  =  119.9  pcf  (1921  kg/m^) ;  net  area  =  56.2%  of  gross 

2 

area.  The  corresponding  figures  for  the  lower  strength  units  were:  2100  psi  (14490  kN/m  ), 
3700  psi  (25530  kN/m^) ,  11.3  pcf  (181  k/xtC') ,  118.4  pcf   (1897  k/m^) ,  and  56.8%,  respectively. 

The  mortar  used  in  all  the  specimens  was  Type  S  conforming  to  ASTM  C270   [8].     Type  I 

Portland  cement.  Type  S  hydrated  lime  and  masonry  sand  with  a  fineness  modulus  of  2.10, 

established  by  sieve  analysis  in  accordance  with  ASTM  C144  [9],  were  proportioned  1:1/2:4  1/2 

parts  by  volume,  the  actual  measurement  of  constituents  used  in  each  batch  of  mortar 

being  made  by  weight  as  follows:     cement,  25.0  lb  (11.3  kg);  lime,  5.3  lb  (2.4  kg);  masonry 

sand,  85.7  lb  (38.9  kg);  water,  22.0  lb  (10.0  kg).     Mortar  flow  according  to  ASTM  C109  [10] 

averaged  111%,  and  94%  after  suction,  indicating  a  water  retention  of  85%.     The  28-day 

average  compressive  strength  of  2-in  (51-mm)  mortar  cubes,  cured  under  similar  conditions  as 

2 

the  test  specimens,  was  1704  psi  (11760  kN/m  ),  with  a  coefficient  of  variation  of  0.17. 

The  grout  used  was  proportioned  in  accordance  with  ASTM  C476   [11]  Coarse  specifications 
using  sand  with  a  3.1  average  fineness  modulus  and  pea  gravel  with  a  5.7  fineness  modulus. 
The  proportions  by  weight  were:     masonry  sand,  58.5  lb   (26.5  kg);  pea  gravel,  46.7  lb  (21.2 
kg);  Portland  cement  type  I,  25.0  lb  (11.3  kg);  type  S  hydrated  lime,  1.1  lb   (0.5  kg); 

water,  as  required  for  workability.     The  28-day  average  compressive  strength  of  grout  and 

2 

coefficient  of  variation  were,  respectively:     3181  psi  (21950  kN/m  )  and  0.08  for  2-in  (51- 
mm)  cubes;  2896  psi  (19980  kN/m^)  and  0.23  for  3  x  3  x  6  in  (76  x  76  x  152  mm)  prisms  (UBC 
24-23)    [12];  and  1990  psi  (13730  kN/m^)  and  0.23  for  6  x  12  in  (152  x  305  mm)  cylinders 
(ASTM  C39)  [13]. 

All  test  specimens  were  constructed  by  experienced  masons  and  were  air-cured  at  approxi- 
mately 70F  (21C)  temperature  and  50  percent  relative  humidity.     Grouting  of  the  specimens 
occurred  from  7  to  15  days  after  construction  of  the  masonry.     In  the  10-in  (254-mm)  grouted 

brick  specimens,  3/16-in  (5-mm)  dia.  Z-shaped  wire  ties  were  placed  uniformly  at  the  rate  of 

2  2 

approximately  one  tie  per  200  in     (1290  cm  )  of  wall  surface  area.     The  circular  specimens 
required  special  cutting  and  bracing.     The  corner  units  were  precut  before  construction 
(Fig.  6f ) .     After  grouting,  the  specimens  were  laid  horizontally  and  strapped  with  an  1/8-in 
(3-mm)  thick  steel  band.     Two  single  strands  of  joint  reinforcement  were  placed  in  the  cores 
of  adjoining  cut  blocks  at  the  four  corners  and  a  1:3  cement  sand  grout  was  cast  between  the 
band  and  the  specimen  to  form  a  circular  wall  52  in  (1320  mm)   in  actual  diameter.  Running 
bond  construction  was  used  throughout  except  the  concrete  block  compression  prisms  were  in 
stacked  bond. 
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3.     DESCRIPTION  OF  TESTS 


To  the  extent  possible,  the  diagonal  compression  tests  were  conducted  in  accordance 
with  the  ASTM  E519  [1]  testing  procedure.     This  included  capping  of  all  bearing  surfaces 
with  high-strength  gypsum  and  use  of  steel  loading  shoes  with  the  following  exceptions.  The 
loading  shoes  of  the  concrete  block  specimens  other  than  the  4-ft  (1.22-m)  square  and  52-in 
(1321-mm)  circular  walls  were  cast  gypsum.     This  was  achieved  by  seating  the  bearing  corners 
of  the  specimen  in  a  bed  of  high-strength  gypsum  placed  within  a  wood  formwork  which  was 
removed  after  setting.     In  all  cases,  the  length  of  the  bearing  shoe  was  approximately  1/6 
the  side  dimension  of  the  specimen.     Although  this  dimension  was  somewhat  larger  than  the 
l/8th  side  dimension  recommended  by  ASTM  E519,  it  was  deemed  necessary  to  prevent  premature 
crushing  failure  at  the  diagonally  loaded  corners.     The  configuration  of  the  steel  loading 
shoes  is  shown  in  Figure  2.     The  loading  shoes  of  the  circular  specimens  were  prepared  by 
seating  the  wall  in  a  1.5-in  (38-mm)  thick  mortar  bed  within  a  shallow  steel  frame  with  9  x 
12  in  (229  x  305  mm)  inside  dimensions  (Fig.  6). 

The  end  fixtures  for  the  4-ft  (1.22-m)  square  walls  that  were  subjected  to  edge  loads 
prior  to  the  diagonal  compression,  consisted  of  stiffened  W8  x  31  steel  beams  bolted  and 
welded  to  the  corner  shoes  (Fig.  3).     They  were  seated  in  gypsum  applied  to  the  bearing 
surfaces  of  the  walls.     The  edge  loads  were  applied  by  three  hydraulic  jacks  bearing  against 
a  reaction  frame  mounted  on  the  wall.     The  assembly  was  tested  in  diagonal  compression  in  a 
universal  testing  machine  as  shown  in  Fig.  3(d). 

The  instrumentation  for  the  4-ft  (1.22-m)  square  walls  tested  in  diagonal  compression 
with  no  edge  loads  consisted  of  linear  variable  differential  transformers  (LVDT's)  with 
gages  spanning  between  the  centers  of  diagonally  opposite  corner  units  in  both  directions 
(Figs.  2,  4a,  5a)     as  well  as  diagonal  gages  between  centers  of  adjacent  units  at  the  center 
of  the  specimens.     Some  of  these  specimens  were  instrumented,  in  addition,  with  LVDT's 
mounted  peripherally  as  in  Fig.  2e.     Dial  type  diagonal  deformation  gages  were  used  in  some 
of  the  tests  of  smaller  brick  specimens  (Fig.  2a). 

The  instrumentation  for  the  4-ft  (1.22-m)  square  walls  tested  with  edge  loads  and 
diagonal  compression  consisted  of  8  LVDT's  mounted  on  opposite  faces  and  near  the  center  of 
the  wall.     The  gages  were  modular  in  length  (i.e.,  spanning  between  centers  of  adjacent 
units),  each  opposite  pair  being  oriented  in  one  of  four  specified  directions:     parallel  and 
normal  to  bed  joint  and  along  each  diagonal.     An    additional  gage  mounted  vertically  was 
used  to  monitor  the  movement  of  the  loading  head  relative  to  the  base. 

The  circular  walls  were  instrumented  with  four  deformation  gages  of  modular 
length  near  the  center  and  at  opposite  faces,  mounted  horizontally  and  vertically 
(Fig.  6).     The  specimens  tested  with  the  bed  joints  in  vertical  alignment  were  instru- 
mented with  four  additional  gages  as  shown  in  Fig.  6e. 
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Digitized  data  output  from  each  gage  consisted  of  load-deformation  measurements  taken 
at  15-sec  intervals  throughout  the  loading  range.     The  rate  of  loading  was  typically  20- 
kip/min  (89  kN/min) .     In  each  test,  the  signal  from  at  least  one  gage  at  the  center  of  the 
wall  across  the  loaded  diagonal,  together  with  that  of  the  load  transducer,  were  monitored 
on  an  x-y  recorder  which  provided  continuous  load-displacement  plots  and  helped  identify  the 
failure  load  at  which  initial  splitting  occurred. 

4,     TEST  RESULTS 

The  test  results  are  summarized  in  Tables  1  through  5.     To  conserve  space,  only  the 
mean  strength  values  are  tabulated,  together  with  the  corresponding  coefficient  of  variation 
in  cases  where  there  were  more  than  two  replicate  tests.     The  actual  and  nominal  sizes  of 
the  noncircular  specimens  are  specified  in  terms  of  length  L,  parallel  to  bed  joint,  height 
h,  normal  to  bed  joint,  and  thickness  t,  in  that  order.     The  size  of  the  circular  walls  is 
specified  in  Table  5  in  terms  of  diameter  D  and  thickness  t. 

In  Table  1,  the  results  of  diagonal  compression  tests  of  the  square  specimens  are 

expressed  in  terms  of  a  nominal  shear  strength  t ' ,  which  is  equal  to  the  component  of  the 

t  d 

diagonal  failure  load  P^,  parallel  to  bed  joint,  divided  by  the  actual  cross  sectional  area 
(gross  or  net) .     The  test  results  of  the  rectangular  specimens  are  presented  in  a  similar 
manner  in  Table  2  where  i'  designates  the  nominal  shear  strength. 

The  results  of  square  wall  tests  under  edge  loads  and  diagonal  compression  are  shown  in 
Table  3,  where  the  nominal  shear  stress  t'  designates  the  component  of  the  diagonal  failure 
load  P'  parallel  to  bed  joint  divided  by  the  specified  area,  and  the  nominal  vertical  stress 

denotes  the  sum  of  edge  load  P^  and  the  component  of  load  P'  normal  to  bed  joint  divided 
by  the  same  area.     All  these  specimens  were  tested  after  9  months  from  the  date  of  fabrication. 

Table  4  gives  the  compressive  strength  f^  for  the  four  types  of  masonry  prisms  tested 
in  accordance  with  ASTM  E447   [4].     Two  different  sizes  of  brick  prisms  were  tested  to  examine 
the  influence  of  the  h/t  ratio  on  compressive  strength.     The  entries  in  the  last  column 
represent  compressive  strength  values  modified  by  h/t-related  correction  factors  recommended 
by  the  current  masonry  standards  [14,  15]. 

The  results  of  circular  wall  tests  are  shown  in  Table  5.     Angle  G  designates  bed  joint 
inclination  with  respect  to  horizontal  and  P'  designates  the  vertical  compressive  load  at 
failure.     The  entries  in  the  last  two  rows  represent  the  tensile  splitting  strength  f^ 
estimated  from  the  well-known  solution  f^  =  2P ' /'TDt  based  on  isotropic,  linear,  elastic 
behavior  [16] . 
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TABLE  1.  -  Results  of  Diagonal  Compression  Tests  of  Square  Specimens 


Type  Number 
of  of 
Masonjry  Specimens 


Nominal 
(Actual) 

Size 
L  X  h  X  t 

(in  X  in  X  in) 


Single 

Wythe 

Brick 


Double 
Wythe 
Grouted 
Brick 


16  X  16  X  4 

(15.7  X  15.7  X  3.55) 

24  X  24  X  4 

(24.0  X  23.7  X  3.55) 

48  X  48  X  4 

(47.7  X  47.7  X  3.55) 

16  X  16  X  10 

(15.7  X  15.7  X  10.0) 

24  X  24  X  10 

(24.0  X  23.7  X  10.0) 

48  X  48  X  10 

(47.7  X  47.7  X  10.0) 


Hollow 

Concrete 

Block 


Grouted 

Concrete 

Block 


24  X  24  X  8 
(23.8  X  23.8  X  7.6) 

32  X  32  X  8 
(31.8  X  31.8  X  7.6) 

48  X  48  X  8 
(47.8  X  47.8  X  7.6) 

24  X  24  X  8 
(23.8  X  23.8  X  7.6) 

32  X  32  X  8 
(31.8  X  31.8  X  7.6) 

48  X  48  X  8 
(47.8  X  47.8  X  7.6) 


Gross 
(Net) 
Area 
A 

(in^) 


Age 

(Age 
of 
Grout) 

(days) 


t'  Coefficient 

d  c 
of 

Variation 


(psi) 


55.7 


29 


509.9  0.063 


85.2 


29 


316.2  0.106 


169.3 


157.0 


240.0 


180.9 
(102.7) 

241.7 
(137.3) 

363.3 
(206.3) 

180.9 


241.7 


363.3 


35 


42 
(28) 

40 
(28) 

54 
(40) 


44 


58 


46 


118 


103 


60 


299.3   

663.0  0.187 

425.4  0.089 

371.5   

158.6  0.131 

162.4   

152.0   

274.8  0.253 

220.4   

234.8   


Note:  1  psi=6.895  kN/m  ;  1  in=25.4  mm;  1  in  =645  mm' 
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TABLE  2.  -  Results  of  Diagonal  Compression  Tests  of  Rectangular  Specimens 


Type  Number 
of  of 
Masonry  Specimens 


Single 

Wythe 

Brick 


Double 
Wythe 
Grouted 
Brick 


Nominal 
(Actual) 
Size 
L  X  h  X  t 

(in  X  in  x  in) 

8  X  16  X  4 
(7.9  X  15.7  X  3.55) 

16  X  32  X  4 
(15.7  X  31.8  X  3.55) 

16  X  8  X  4 
(15.7  X  7.9  X  3.55) 

32  X  16  X  4 
(31.8  X  15.7  X  3.55) 

8  X  16  X  10 
(7.9  X  15.7  X  10.0) 

16  X  32  X  10 
(15.7  X  31.8  X  10.0) 

16  X  8  X  10 
(15.7  X  7.9  X  10.0) 

32  X  16  X  10 
(31.8  X  15.7  X  10.0) 


Aspect  Gross 
Ratio  (Net) 


h 

'  =  L 


0.5 


0.5 


Area 
A 


(in^) 


28.0 


55.7 


0.5  55.7 


0.5  112.9 


79.0 


157.0 


157.0 


318.0 


Age  t' 
(Age 
of 
Grout) 

(days)  (psi) 

28  985.7 

28  562.0 

28  324.6 

30  198.6 


35 
(28) 

34 
(28) 

35 
(28) 

39 
(28) 


557.0 


455.1 


233.5 


335.0 


Coeff . 
of 
Var. 


0.077 


0.039 


0.192 


0.051 


Hollow            4           16  X  32  X  8  2  117.8  30 

Concrete                    (15.5  x  31.8  x  7.6)  (69.9)  249.2  0.155 

Block 

2           24  X  48  X  8  2  180.9  66 

(23.8  X  47.8  X  7.6)  (102.7)  212.4   

4  32  X  16  X  8  0.5        241.7  35 

(31.8  X  15.6  X  7.6)  (137.3)  140.9  0.133 

2           48  X  24  X  8  0.5        363.3  75 

(47.8  X  23.8  X  7.6)  (206.4)  110.4   

Grouted           5           16  x  32  x  8  2  117.8         106         205.2  0.078 

Concrete                    (15.5  x  31.8  x  7.6) 

Block 

2           24  X  48  X  8  2  180.9  83  144.1   

(23.8  X  47.8  X  7.6) 

5  32  X  16  X  8  0.5        241.7         109         195.3  0.093 
(31.8  X  15.6  X  7.6) 

2           48  X  24  X  8  0.5        363.3         120  145.4   

(47.8  X  23.8  X  7.6) 


Note:  1  psi=6.895  kN/m  ;  1  in=25.4  ram;  1  in  =645  mm'' 
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TABLE  3.  -  Diagonal  Compression  Tests  of  Precompressed  Walls 


Type 

Nominal 

Gross 

Edge 

Diagonal 

-a 

T' 

of 

(Actual) 

(Net) 

Load 

Load 

y 

Masonry 

Size 

Area 

P 

V 

P' 

L  X  h  X  t 

A 

("in  X  "f n  V  in^ 

fklD  ") 

(kin  ) 

Single 

48  X  48  X  4 

169.3 

120.0 

161.8 

1384.6 

675.8 

Wythe 

(47.7  X  47.7  X  3.55) 

Brick 

Double 

48  X  48  X  10 

hll  .0 

90 

375.0 

744.6 

555.9 

Wythe 

(47.7  X  47.7  X  10) 

Grouted 

477.0 

270 

477.0 

1273.1 

707.1 

Brick 

477.0 

330 

470.0 

1388.5 

696.7 

1*11.0 

450 

515.0 

1706.8 

763.4 

Grouted 

48  X  48  X  8 

363.3 

120 

187.0 

694.3 

364.0 

Concrete 

(47.8  X  47.8  X  7.6) 

Block 

363.3 

210 

207.5 

981.9 

403.9 

363.3 

300 

225.0 

1263,7 

437.9 

Hollow 

48  X  48  X  8 

363.3 

Concrete 

(47.8  X  47.8  X  7.6) 

(206.3) 

30 

74.3 

400.9 

254.7 

D  J.OCK. 

jD  J  •  J 

(206.3) 

60 

98.0 

626.7 

335.9 

363.3 

(206.3) 

90 

125.4 

866.1 

429.8 

363.3 

(206.3) 

135 

100.0 

997.1 

342.8 

Note;  1 

kip=4.45  kN;  1  psl=6.895 

kN/m^;  1 

in=25.4 

mm;  1  m  = 

645  mm^ 
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TABLE  4.  -  Compressive  Strength  of  Masonry  Prisms 


Type        Number  Nominal  Gross      Age        Average    Coeff.  h  Modified 

of  of  (Actual)  (Net)     (Age  Comp.  of  t  Comp. 

Masonry    Specs.  Size  Area  of      Strength      Var.  Strength 

L  X  h  X  t  A        Grout)        f ' 

m 

2 

(in  X  in  X  in)  (in  )     (days)       (psi)  (psi) 

Single  7  12  x  8  x  4  41.9        30  5150        0.170        2.2  3902 

Wythe  (11.8  x  7.8  x  3.55) 

Brick 

7  12  X  22  X  4  41.9        30  4309        0.065        6.0  4309 

(11.8  X  21.4  X  3.55) 

Double  7  12  X  22  X  10  118.0        36  3350        0.113        2.2  2539 

Wythe  (11.8  x  21.4  x  10.0)  (28) 

Grouted 

Brick  16  12  x  46  x  10  118.0        36  3423        0.063        4.6  3368 

(11.8  X  41.5  X  10.0)  (28) 

3  12  X  22  X  10  118.0      300+         4554        0.027        2.2  3452 

(11.8  X  21.4  X  10.0) 

5  12  X  46  X  10  118.0      300+         4500        0.030        4.6  4427 

(11.8  X  41.5  X  10.0) 

Hollow  3  16  X  16  X  8  117.8  28 

Block  (15.5  X  15.6  x  7.6)  (66.6)  2962        0.184        2.0  2962 


Grouted       10  16  x  16  x  8  117.8        28  3169        0.055        2.0  3169 

Block  (15.5  X  15.6  x  7.6) 

2  16  X  16  X  8  117.8        56  3116    2.0  3116 

(15.5  X  15.6  X  7.6) 

2  16  X  16  X  8  117.8        21  2255    2.0  2255 

(15.5  X  15.6  X  7.6) 


Note:  1  psi=6.895  kN/m  ;  1  in=25.4  mm;  1  in  =645  mm' 
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TABLE  5.  -  Test  Results  of  Circular  Specimens* 


Diainetral  Load  Splitting  Strength 


At  Failure,  P '  f ' 

s 

(kip)    (psi)  

0 

(deg.)  Test  1  Test  2  Test  1  Test  2 

0  102,3  92.8  162  147 

22.5  114.3  108.0  180  171 

45.0  118.0  159.8  186  252 

67.5  127.8  121.5  202  192 

90.0  87.8  89.5  139  141 


*  Diameter  =  52  in,  thickness  =  7.6  in  (actual). 
Note:  1  kip=4.45  kN;  1  psi=6.895  kN/m^ ;  1  in=25.4  nun 
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Although  space  limitations  do  not  permit  a  detailed  presentation  of  load-deformation 
data  acquired  during  the  tests,  a  brief  description  of  the  observed  constitutive  properties 
and  failure  mechanisms  will  help  clarify  the  meaning  of  the  tabulated  failure  loads. 

Figure  2  exhibits  the  cracking  patterns  generally  observed  in  the  diagonal  compression 
tests  of  the  square  brick  specimens.  In  the  single  wythe  specimens,  cracking  near  the 
region  of  the  loaded  diagonal  followed  a  rather  well-defined  staggered  path  along  the  mor- 
tar joints  (Figs.  2b  and  2d).     This  type  of  failure  will  be  referred  to  as  a  "joint  separation 
failure  to  distinguish  it  from  other  failure  modes.  In  the  case  of  the  4-ft  (1.22-m)  grouted 
brick  walls  (Fig.  2e) ,  the  mode  of  failure  cannot  be  identified  with  the  same  certainty 
because  even  though  the  outer  brick  wythes  gave  a  clear  indication  of  joint  separation, 
inspection  of  the  ruptured  surfaces  after  dismantling  indicated  cracking  of  the  grout  core 
and  part  of  the  adjoining  brick  units  along  a  more  or  less  straight  diagonal  plane.  This 
latter  type  of  failure,  when  distinctly  dif f erentiable  from  joint  separation,  will  be 
referred  to  as  a  "splitting"  failure.  The  diagonally  loaded  brick  specimens,  including 
those  with  aspect  ratios  other  than  unity,  ruptured  suddenly  under  a  well-defined  peak 

load,  which  was  used  to  calculate  the  t'  values  in  Tables  1  and  2.  The  load-deformation 

d 

response  of  these  specimens  was  virtually  linear  throughout  the  entire  loading  range. 

Figure  3  shows  the  superficial  cracking  patterns  observed  in  the  grouted  brick  walls 
that  were  tested  under  edge  loads  and  diagonal  compression.  Subsequent  examination  of  the 
ruptured  surfaces  left  little  doubt  that  these  specimens  had  failed  by  tensile  splitting. 
The  T '  values  listed  in  Table  3  are  determined  from  diagonal  loads  corresponding  to  the 
first  discernible  cracking  of  the  specimens.     In  the  case  of  the  specimens  with  90-kip 
(400-kN)  and  270-kip  (1200-kN)  edge  loads,  the  cracking  load  was  coincident  with  the  peak  load 
attained  during  the  test.     For  the  other  specimens,  the  first  cracking  load  occurred  at  about 
92  to  96  percent  of  the  peak  load.     In  all  these  tests,  the  deformations  were  typically 
linear  with  respect  to  the  applied  diagonal  load  up  to  the  level  of  first  cracking.  The 
fact  that  some  of  the  peak  loads  were  slightly  above  the  cracking  loads  is  probably  due  to 
the  confinement  offered  by  the  steel  fixtures  at  the  specimen  boundaries. 

Hollow  concrete  masonry  walls  tested  in  diagonal  compression  and  various  edge  loads 
developed  the  cracking  patterns  shown  in  Figure  4.  The  specimens  with  zero  edge  loads 
clearly  exhibited  joint  separation  failures  as  noted  in  Figure  4a.  On  the  other  hand,  the 
specimen  subjected  to  the  135-kip  (600-kN)  maximum  edge  load  used  in  the  tests  appeared  to 
have  failed  by  splitting  (Fig.  4d) .  However,  the  possibility  exists  that  the  failure  was 
initiated  at  the  loaded  corners  where  the  high  edge  load  may  have  caused  a  critical  state  of 
compression  before  the  specimen  could  attain  its  tensile  splitting  capacity.  This  is  further 
evidenced  by  the  reversal  of  the  trend  noted  in  the  test  results  (Table  3) .  Under  interme- 
diate edge  loads,  the  specimens  appeared  to  have  failed  initially  by  joint  separation 
followed  by  cracking  of  some  of  the  units  as  noted  in  Figures  4b  and   4c.     The  P'  values 
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listed  in  Table  3  are  the  diagonal  loads  at  first  notable  cracking  which  were  from  3  to  27 
percent  below  the  peak  loads  attained  in  the  tests.  As  in  the  case  of  the  brick  walls,  this 
apparent  gain  in  strength  is  attributed  to  the  confining  effect  of  the  steel  fixtures  where 
all  the  cracks  terminated,  and  may  not  necessarily  have  structural  significance  in  a  prac- 
tical situation.  In  general,  the  load-deformation  characteristics  of  the  specimens  reflected 
the  constitutive  properties  of  concrete  in  compression  (approximately  linear  to  fV2,  pro- 
gressively non-linear  to  f^) •  However,  departure  from  linearity  was  not  very  significant 
even  under  maximum  edge  loads  because  the  compressive  stresses  within  the  precracking  range 
were  low  compared  to  the  compressive  strength  of  the  prisms  (Table  4) . 

Unlike  the  hollow  specimens,  fully  grouted  concrete  masonry  walls  under  edge  loads  and 
diagonal  compression  failed  by  splitting  as  evidenced  by  the  cracking  patterns  illustrated 
in  Figure  5.  This  trend  is  to  be  expected  because  orthotropic  effects  arising  from  differ- 
ences in  mortar  and  unit  strengths  is  considerably  diminished  by  the  presence  of  grout  which 
behaves  like  monolithic  cast  concrete.  Due  to  low  stresses  at  failure,  there  was  no  signif- 
icant departure  from  linear  behavior.  In  all  cases  cracking  was  very  nearly  coincident  with 
the  peak  loads  attained  in  the  tests. 

Figures  6a  to  6e  show  the  cracking  patterns  in  the  circular  walls  tested  under  diametral 
compression.     In  all  cases  except  for  6  =  22.5  degrees,  splitting  occurred  along  the  loaded 
diameter.     For  6  =  22.5  degrees  (Fig.  6b),  cracking  developed  diametrally  but  in  the  direc- 
tion normal  to  bed  joint.     This  variance  in  direction  was  attributed  to  the  presence  of 
weak  planes  caused  by  the  alignment  of  the  center  slots  in  the  kerf  blocks  (see  Fig.  4a) 
with  the  head  joints  in  alternate  courses. 

5.  SUMMARY 

The  following  statements  summarize  major  trends  observed  in  the  experimental  results. 
A  comprehensive  interpretation  of  these  tests  and  formulation  of  criteria  for  application 
in  design  are  presented  in  a  separate  report. 

The  test  results  of  diagonally  loaded  square  specimens  of  three  different  sizes 
(Table  1)  show  remarkably  good  correlation  of  strength  between  medium  size  and  large  speci- 
mens for  all  four  types  of  masonry  tested.  By  comparison,  the  small  specimens  developed 
greater  strength  and/or  variability.  Thus,  on  the  basis  of  these  findings  it  appears  that 
diagonal  compression  tests  of  32-in. (813-mm)  square  concrete  masonry  specimens  (hollow  or 
grouted)  and  of  24-in . (610-mm)  square  brick  specimens  (single  wythe  or  grouted),  deserve 
to  be  given  serious  consideration  as  possible  replacement  of  the  4-ft  (1.22-m)  walls  that 
are  currently  specified  in  the  ASTM  E519    [1]   test  method.     Such  a  revision  will  constitute  up 
to  70  percent  or  more  savings  in  materials  and  labor  costs  which,  together  with  a  reduction 
in  headroom  clearance  requirements  could  bring  about  a  nationwide  acceptance  of  the  shear 
prism  test  concept  and  its  standardization. 
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By  reference  to  Tables  1  and  2,  it  is  noted  that  with  one  exception,  diagonally  loaded 
rectangular  specimens  of  aspect  ratios  2  and  0.5  developed  respectively  higher  and  lower 
strength  in  relation  to  the  square  specimins,  reflecting  the  effect  of  changes  in  the  direc- 
tion of  the  applied  loads  with  respect  to  the  bed  joints.  The  lower  strength  of  the  rectan- 
gular grouted  concrete  specimens  in  relation  to  the  square   specimens  was  the  exception.  This 
variance  in  trend  is  attributable  to  the  presence  of  vertical  planes  of  weakness  caused  by 
the  slots  located  at  the  centers  of  the  kerf  blocks  used  in  the  construction  of  these  speci- 
mens (Fig.  4a).     This  supposition  is  reinforced  by  the  results  of  the  circular  wall  tests 
(Table  5)  where  a  loss  (rather  than  an  anticipated  gain)  in  splitting  strength  occurred  for 
values  of  angle  6  less  than  45  degrees. 

According  to  the  results  shown  in  Table  4,  the  effect  of  slenderness  (h/t  ratio)  on 
brick  prism  strength  is  at  variance  with  the  strength  correction  factors  specified  by  the 
BIA  Standard  [14].  Note,  for  instance,  that  both  short  and  long  grouted  brick  prisms  developed 
comparable  strength  while  the  modified  values  (last  column  in  Table  4)  obtained  by  applying 
the  Standard-specified  correction  factors  are  significantly  different.     On  the  other  hand, 
slenderness  did  affect  the  strength  of  single  wythe  brick  prisms  but  not  to  the  extent  that 
would  yield  comparable  strengths  after  modification  according  to  the  Standard.     The  tests  also 
provided  some  information  on  strength  gain  with  age.  The  grouted  brick  prisms  tested  at 
approx.  9  mos.  after  fabrication  developed  more  than  30  percent  higher  strength  than  those 
tested  at  36  days.  In  the  case  of  the  grouted  concrete  block  prisms,  however,  the  56-  and 
28-day  strengths  were  about  the  same  while  the  21-day  strength  was  about  30  percent  less. 
Also  note  that  the  variability  of  test  results  for  the  hollow  concrete  block  and  short  brick 
prisms  was  in  the  order  of  2  to  3  times  greater  than  that  for  the  other  specimens. 

Finally,  the  results  compiled  in  Tables  1  and  3  show  that  the  diagonal  load  capacity 
of  masonry  walls  increases  with  increasing  edge  load.  This  is  to  be  expected  because  within 
a  certain  range,  compressive  stresses  due  to  edge  loads  reduce  the  critical  tensile  stresses 
developing  under  diagonal  loading  alone.  Beyond  that  range,  edge  loads  could  trigger  com- 
pressive crushing  near  the  diagonally-loaded  corners  before  the  tensile  splitting  capacity 
can  be  fully  developed. 
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NOTATION 


=  unconfined  compressive  strength  of  masonry 

=  apparent  unconfined  splitting  strength  of  masonry 

h      =  height  of  specimen  normal  to  bed  joint 

r      =  aspect  ratio  h/L  of  rectangular  walls 

t      =  thickness  of  specimen 

A      =  actual  (gross  or  net)  cross  sectional  area  of  specimen  parallel  to  bed  joint 

D      =  diameter  of  circular  specimens 

L      =  Length  of  specimen  parallel  to  bed  joint 

P'     =  diagonal  load  capacity  of  specimens 

=  diagonal  load  capacity  of  square  specimens  when  P^  =  0 

P      =  resultant  of  distributed  edge  load 

V 

6      =  angle  of  inclination  of  bed  joint  with  respect  to  horizontal  in  circular  walls 

0^    =  nominal  applied  stress  normal  to  bed  joint 

t'     =  nominal  shear  strength  of  specimen 

Tj     =  nominal  shear  strength  of  square  specimen  when  P    =  0 
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Fig.   2     Diagonal  compression  tests  of  square  brick  specimens 
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Fig.   3     Diagonal  compression  tests  of  grouted  brick  walls  with  edge  loads 
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Fig.  4    Tests  of  hollow  concrete  block  walls 
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CANADIAN  CODE  REQUIREtffiNTS  FOR  MASONRY  IN  EARTHQUAKE  ZONES 


A.H.P.  Maurenbrecher 
Division  of  Building  Research 
National  Research  Council  of  Canada 

Abstract .     This  paper  gives  a  short  review  of  Canadian  seismic  requirements  for  masonry 
buildings  contained  in  the  1975  National  Building  Code  of  Canada  and  in  the  proposed  revision 
to  the  masonry  code  -  CSA  draft  Standard  S304  -  Masonry  Design  and  Construction  for  Buildings . 

Key  Words.     Bricks;  buildings;  Canada;  concrete  blocks;  design  standards;  earthquake 
resistant  structures;  masonry. 

1 .  INTRODUCTION 

Interest  in  the  behaviour  of  earthquake  resistant  masonry  (1,2)  has  been  increasing  in  Canada 
over  the  past  decade  and  more  so  recently  since  all  buildings  in  seismic  zones  2  and  3  have 
been  required  to  be  reinforced  except  for  some  one-  and  two-storey  structures. 

This    paper  gives  a  short  review  of  Canadian  seismic  requirements  for  masonry  buildings 
contained  in  the  1975  National  Building  Code  of  Canada  (3,4,5)  and  in  the  proposed  revision 
to  the  masonry  code  -  CSA  draft  Standard  S304  -  Masonry  Design  and  Construction  for  Buildings 
(6). 

2.  EARTHQUAKE  DESIGN  LOADS  FOR  MASONRY  CONSTRUCTION 

The  Canadian  seismic  zoning  map  (Figure  1)  is  divided  into  four  zones  derived  from  the 
distribution  of  peak  horizontal  ground  accelerations  with  an  exceedance  probability  of 
0.01  in  one  year  (100-year  return  period)  (7). 

The  seismic  design  requirements  provide  minimum  standards  meant  to  assure  an  acceptable  level 
of  public  safety  (8).    The  NBC  (3)  allows  a  dynamic  analysis  although  a  static  analysis  is 
more  commonly  used.     The  latter  requires  the  building  to  resist  a  lateral  force  given  by  the 
following  equation: 
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V  =  (ASKIF)W  which  is  similar  to  the  1974  SEAOC  Equation  (9)   fV  =  fZCKIS)W] 
where  A  is  the  ratio  of  the  horizontal  design  ground  acceleration  to  the  acceleration  of 
gravity 

=  0,  0.02,  0.04  and  0.08  for  seismic  zones  0  to  3  respectively. 

S  is  a  seismic  response  factor  dependent  on  the  fundamental  period  of  the  building 

=  O.S/'Y^^^  <  1  where  T  =  0.05  h  /D^^^ 
—  n 

h^  =  height  of  the  building  in  feet 

D  =  dimension  of  the  building  in  the  direction  parallel  to  the 
applied  forces  in  feet. 
K  takes  into  account  the  damping  characteristics  and  the  ductility  of  the  building 
=  1.3  for  systems  consisting  of  a  ductile  moment  resisting  frame  with  masonry 
infilling. 

=  1.3  for  reinforced  masonry  (=  2  if  H  >  200  ft  (61  m)  in  zone  3) 
=  2.0  for  plain  masonry. 


I  is  an  importance  factor 

=  1.3  for  buildings  housing  essential  services  and  schools 

=  1.0  for  all  other  buildings. 
F  is  a  foundation  factor  dependent  on  soil  stiffness  and  depth 

=  1.0,  1.3  or  1.5, 
W  is  the  weight  of  the  structure 

=  dead  load  +  25  per  cent  design  snow  load  +  the  weight  of  the  contents  of  full  tanks 
and,  for  storage  areas,  the  full  design  live  load.-^ 


Other  considerations  such  as  the  distribution  of  the  lateral  earthquake  load,  overturning, 
torsion  and  loads  on  individual  panels  are  similar  to  U.S.  practice. 


If  a  structural  member  supports  more  than  900  sq  ft  (83.6  m  )  a  reduction  factor  is  applied 
to  the  live  load 
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The  reduction  factor  J  applied  to  the  overturning  moment  is: 
J  =  1  where  T  <_  0.5 

=  (1.1  -  0.2  T)  where  0.5  £  T  £  1.5 

=0.8  where  T  ^  1.5 
where  T  is  the  fundamental  period  of  the  building. 

3.     CODE  REQUIREMENTS  FOR  EARTHQUAKE  RESISTANT  MASONRY 

Two  parts  of  the  NBC  may  be  used  for  the  design  of  masonry  -  Part  9  (4) ,  which  covers  housing 
and  small  buildings  only,  and  Part  4  (3,5),  which  covers  all  buildings. 

Part  9 

Part  9  contains  simple  empirical  rules  for  the  construction  of  houses  and  small  buildings  in 

2 

plain  masonry  up  to  6000  sq  ft  (557  m  )  per  floor  and  three  storeys  in  height  but  not  more 
than  36  ft  (11  m)  over-all  wall  height.     It  applies  to  all  occupancies  except  assembly, 
institutional  and  high  hazard  industrial  and  excludes  structures  with  concrete  floors  or 
roofs  above  the  first  storey. 

In  seismic  zone  2,  loadbearing  masonry  in  3-storey  buildings  must  be  reinforced  horizontally 
and  vertically  with  steel  having  a  cross-sectional  area  of  at  least  0.2  per  cent  of  the  gross 
cross-sectional  area  of  the  wall.     Not  more  than  2/3  of  this  steel  may  be  installed  in  one 
direction.     In  seismic  zone  3,  these  requirements  apply  to  2-  and  3-storey  buildings. 

Part  4 

Part  4  may  be  used  for  all  masonry  buildings.     Two  methods  of  design  are  covered  -  empirical 
design  of  plain  masonry  and  engineering  design  of  plain  and  reinforced  masonry.  Plain 
masonry  may  only  be  used  in  seismic  zones  0  and  1. 

The  present  design  requirements  for  masonry  are  incorporated  within  NBC  Supplement  No.  4  (5) 
but  they  will  be  superseded  in  1977  by  CSA  Standard  S304  (1,6).    The  new  standard  has  many 
revisions  and  additions  together  with  an  improved  layout.     Efforts  will  next  be  directed  to 
producing  an  engineering  design  section  based  on  limit  states  philosophy. 
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4.     ENGINEERED  DESIGN 

The  engineering  code  requirements  are  largely  based  (10)  on  the  Brick  Institute  of  America 
(BIA)  Building  Code  Requirements  for  Engineered  Brick  Masonry  (11)  and  the  National  Concrete 
Masonry  Association  (NCMA)  Specifications  for  the  Design  and  Construction  of  Load-Bearing 
Concrete  Masonry  (12) . 

Certain  aspects  of  the  engineered  design  section  will  now  be  reviewed. 

4.1  Basis  of  Masonry  Compressive  Strength.     Design  stresses  are  derived  from  the  ultimate 
compressive  strength  f^  obtained  from  prisms  or  from  tables  based  on  unit  strength  and  mortar 
type.     Prisms  with  height  to  thickness  ratios  of  5  and  2  are  the  basis  for  brick  masonry  and 
concrete  or  clay  tile  masonry    respectively.     The  compressive  strength,  based  on  a  minimum  of 
five  prisms  or  units,  is  taken  as  the  average  strength  less  a  reduction  that  takes  into 
account  the  variation  in  results. 

f  =  f      (1  -  1.5  v) 

m  av 

where  f^^  =  average  strength 

V  =  coefficient  of  variation. 
This  is  assumed  to  give  a  probability  level  of  approximately  10  per  cent  (1  in  10  chance  of 
individual  values  being  less  than  the  calculated  value) .     The  BIA  code  has  a  similar 
provision  but  no  reduction  is  made  unless  the  coefficient  of  variation  exceeds  10  per  cent 
for  prism  strength  or  12  per  cent  for  unit  strength.     Thus  strengths  based  on  the  BIA  code 
will  be  approximately  18  per  cent  higher  than  the  Canadian  code  if  the  coefficient  of 
variation  is  10  per  cent  or  greater.     The  tables  for  masonry  strength  based  on  unit  strength 
give  values  only  for  masonry  construction  that  is  inspected    since  the  Canadian  code  makes 
the  designer  responsible  for  inspection  to  ensure  that  the  construction  conforms  with  the 
design.     Shop  drawings,  workmanship  and  materials  are  to  be  checked. 

4.2  Allowable  Stresses.     The  allowable  stresses  for  plain  and  reinforced  masonry  are 
presented  in  a  similar  manner  to  those  in  the  BIA  code.    The  stresses  applying  to  reinforced 
masonry  walls  are  shown  in  Table  1.     For  comparison  the  stresses  allowed  by  the  1973  Uniform 
Building  Code  (13)  are  also  shown. 
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4.2.1  Shear  Walls.  The  allowable  horizontal  shear  stress  in  shear  walls  increases  with  dead 
load  stress 

=  V  +  0.3  £ 

cs 

where      v  =  permissible  tabular  shear  stress 

f      =  average  dead  load  stress  at  the  level  considered, 
cs 

BIA  gives  a  coefficient  of  0.2.     Note  the  maximum  shear  stress  is  limited  by  the  above 
equation,  not  the  tabular  values. 

4.2.2  Wind  and  Earthquake  Loads.     No  increase  in  permissible  stresses  is  allowed  for  either 
wind  or  earthquake  loads.     Instead,  load  reduction  factors  are  used  when  three  or  more  load 
combinations  are  considered.     The  following  combinations  should  be  considered: 

D;  D  +  L;  D  +  Q;  D  +  T 

0.75   (D  +  L  +  Q);  0.75   [D  +  L  +  T) ;   0.66  (D  +  L  +  Q  +  T) 
where  D  =  dead  load 
L  =  live  load 

Q  =  earthquake  or  wind  load 

T  =  thermal,  shrinkage,  moisture  and  creep  forces. 
When  calculating  the  shear  stress  in  shear  walls  the  present  code  does  not  allow  load 
reduction  factors  when  earthquake  load  is  considered. 

4.2.3  Reduction  Factors  for  Slenderness  and  Eccentricity.     The  load  reduction  factors  for 
slenderness  and  eccentricity  are  at  present  more  conservative  than  the  BIA  code  but  the 
revised  code  has  adopted  the  BIA  values. 

4.3    Minimum  Reinforcement  in  Walls.     In  zones  2  and  3  reinforcement  must  be  provided  to. 
resist  the  seismic  forces  and  must  not  be  less  than  0.2  per  cent  of  the  gross  cross-sectional 
area  of  the  wall  (see  Table  2  for  spacing).     In  the  present  code  this  minimum  applies  to: 

(a)  loadbearing  and  lateral  load-resisting  masonry; 

(b)  masonry  enclosing  elevator  shafts  and  stairways,  or  used  as  exterior  cladding;  and 

(c)  masonry  partitions,  except  partitions  which: 

(i)     do  not  exceed  40  Ib/ft^  (1.9  kN/m^) 
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(ii)     do  not  exceed  10  ft  (3  m)  in  height  and  are  laterally  supported  at  the  top. 


The  revised  code  reduces  the  minimum  requirements  for  non- loadbearing  walls.     It  has  a  more 
rational  approach  and  takes  into  account  the  different  seismic  zones  and  construction 
practice.     The  reinforcement  may  be  placed  in  one  direction  with  the  minimum  steel  area  in 
zone  3  reduced  to  half  that  required  for  loadbearing  walls  and  reduced  by  half  again  in 
zone  2  or  less  (see  Table  2) .     The  designer  must  ensure  that  the  reinforcement  extends 
between  lateral  supports  to  the  wall  and  that  it  is  adequate  to  resist  the  design  seismic 
forces.     The  changes  mean  that  the  reduced  minimum  requirements  can  be  satisfied  by  placing 
wire  reinforcement  in  the  horizontal  mortar  joints.     In  cavity  or  two-wythe  walls  the 
reinforcement  may  be  placed  in  one  wythe  but  the  area  of  reinforcement  is  based  on  the 
gross  area  of  both  wythes. 

4.4  Anchorage  Requirements. 

4.4,1    Anchorage .     When  masonry  is  anchored  to  lateral  supports  other  than  masonry,  metal 
anchors  must  be  provided  unless  another  approved  bonding  system  is  used.     At  vertical 
supports  the  anchors  must  be  spaced  at  not  more  than  4  times  the  nominal  thickness  of  the 
wall  or  partition  and  at  horizontal  supports,  not  more  than  6  ft  8  in.   (2  m) . 

The  revised  code  does  not  allow  wedges  to  be  used  for  anchoring  the  top  of  a  masonry 
partition  to  its  horizontal  support;  the  code  now  in  use  does  allow  it. 

Anchorage  of  intersecting  masonry  walls  shall  be  provided  by  metal  anchors  spaced  not  more 

than  32  in.   (810  mm)  vertically  or  by  overlapping  half  the  units  of  one  wall  with  the  units 

in  the  other  wall  for  a  distance  equal  to  the  thickness  of  the  thinner  wall.     If  excessive 

differential  thermal  movement  is  likely  to  occur,  bonding  by  metal  anchors  is  recommended. 

Other  approved  bonding  systems  may  be  used.     Anchors  bonding  an  interior  wall  or  partition  to 

2  2 

another  wall  or  partition  must  be  capable  of  resisting  5  lb/ft     (240  N/m  )  applied  normally 
to  the  interior  panel. 

4.5  Shear  Walls  and  Their  Intersections  with  Their  Flanges.  The  present  code  provisions  are 
similar  to  the  BIA  requirements  but  the  revised  code  contains  more  detailed  provisions.  Wall 
intersections  may  be  bonded: 
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(a)  so  that  at  least  50  per  cent  of  the  units  of  one  wall  are  embedded  in  the  other  (toothed 
joints  are  not  allowed); 

(b)  by  concrete  or  grout  completely  filling  vertical  keyways  and/or  recesses  to  provide  a 
bond  similar  to  the  first  case.     The  compressive  strength  of  the  mortar  or  grout  should 
equal  or  exceed  that  of  the  masonry.     Horizontal  reinforcement  across  the  joint  must  be 
equivalent  to  at  least  2  steel  wires  of  0.148  in.   (3.8  mm)  in  diameter  spaced  16  in. 
(400  mm)  vertically. 

In  both  these  cases  the  permissible  shear  stress  must  not  be  exceeded. 

Alternatively  rigid  steel  connectors  such  as  anchors,  rods  or  bolts  may  also  be  used  to  bond 
intersections  except  in  portions  of  reinforced  shear  walls  in  which  the  flanges  contain  steel 
subject  to  axial  tension  under  load.     Requirements  are  given  for  spacing,  size,  embedment, 
bond  and  shear. 

5.     FURTHER  DEVELOPMENTS 

All  engineered  masonry  buildings  in  seismic  zones  2  and  3  must  be  reinforced.     This  has 
caused  many  objections  in  zone  2  which  has  experienced  little  seismic  activity.     A  closer 
look  is  needed  into  the  behaviour  of  plain  and  reinforced  masonry  under  the  expected 
earthquake  forces. 

Research  topics  needing  high  priority  are: 

1.  Design  and  behaviour  of  connections. 

2.  Minimum  reinforcement  for  earthquakes. 

3.  Behaviour  of  reinforced  masonry. 

4.  Thorough  statistical  investigation  of  masonry  properties. 

5.  Detailed  analysis  of  masonry  stress-strain  behaviour  under  axial  and  flexural 
compressive  loads  and  shear  loads.     This  should  include  the  effects  of  cycled  and 
long-term  load. 

6.  Detailed  analysis  of  masonry  buildings  that  have  been  subjected  to  earthquakes 
(undamaged  as  well  as  damaged). 
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At  the  Division  of  Building  Research  tests  will  be  conducted  on  prisms  and  walls  to  obtain 
statistical  data  on  masonry  properties  such  as  axial  and  flexural  compressive  strength  as 
well  as  stress-strain  behaviour.    As  large  a  range  as  possible  of  units  and  mortar  commonly 
used  in  Canada  will  be  tested.    An  800-ton  (7.1  MN)  wall  test  frame  has  been  designed  for 
this  purpose. 

This  paper  is  a  contribution  from  the  Division  of  Building  Research  of  the  National  Research 
Council  of  Canada  and  is  published  with  the  approval  of  the  Director  of  the  Division. 
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TABLE  1 


MAXIMUM  ALLOWABLE  STRESSES  IN  REINFORCED  MASONRY 


Type  o£  Stress 


NBC  1975 


Brickwork"^ 


Blockwork^ 


UBC  1973 


Masonry^ 


Compressive 
Stress  in  Walls: 
Axial 


0.25  f 

m 


0.225  f 

m 


0.2  f 

m 


Flexural 


0.40  f 

m 


0.33  f 


0.33  f   <  900 
m  — 


0.7  /  f '  <  50 


l.5/f'  < 


100 


(+  0.3  £  ) 
^  cs^ 


0.02  f   <  50 

m  — 

0.015  f   <  50 

m  — 

(+  0.3  f  ) 


1.1  fV   <  50 

0 . 9  / T-   <  34 

/  in- 
to 2  /F  <  50 


Shear  reinf. 
Flexural 


Shear 
Wall 


] 


2  /£•  <  120 
/    m  — 


1.5  /?•  <  150 

V    m  — 


C+  0.3  f  ) 

^  cs^ 


0.05  f   <  150 
m  — 


0.04  f   <  75 

m  — 


(+  0.3  f  3 
^  cs 


3  /£'  <  150 
/    m  — 


1.5  /f   <  75 

/    m  — 


to  2  /  f '  <  120 
/    m  — 


Bond 
Plain 
Deformed 


80 

160 


80 
160 


60 
140 


^    f  for  brickwork  is  based  on  a  prism  with  a  h/t  ratio  of  5. 
m  ^ 

^    f^  for  blockwork  and  UBC  masonry  is  based  on  prisms  with  a  h/t  ratio  of  2, 
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TABLE  2 


MINIMUM  REINFORCING  IN  REINFORCED  MASONRY  WALLS 
(Draft  Standard  S304) 


Mini  mi  im 

1*1X11  J.  Ill  L4J11 

R    T  n  "Fri'pr*  f^rnf^Ti  1"  ^ 
rvc^j-iii-L/i.  v^criiic^ii  L 

Spac 

%  A 

g 

in 

Vertical 

Horizontal 

Sum 

Vertical 

Horizontal 

Loadbearing 

0.07 

0.07 

0.2 

<  6t,  48 

<  6t,  48 

Non-Loadbearing 

Seismic  Zones  0-2 

0.  017 

0.017 

0 . 05 

<  6t,  48 

<  6t,  48 

or 

0.05 

0 

16 

or 

0 

0.05 

16 

Seismic  Zone  3 

0.033 

0.033 

0.1 

<_6t,  48 

<  6t,  48 

or 

0.1 

0 

16 

or 

0 

0.1 

16 

Minimum  diameter  of  reinforcement  -  No.  9  ASWG  (0.148  in.   (3.8  mm)). 


208 


Fig.  1      Seismic  Probability  Map 
(from  Supplement  No.  1,  National  Building  Code  of  Canada  1975) 
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DISCUSSION 

:k    i<    >'c  * 


Lederer,   City  of  Detroit: 

Paul,   [Maurenbrecher ]   did  you  say  that  there  was  no  reinforcing  requirement  in 
Seismic  Zones  0  and  1  in  Canada?     Did  I  catch  that  right;   and  that  you  do  require  rein- 
forcing in  2  and  3? 

Maurenbrecher,  National  Research  Council,  Canada: 

There  are  no  minimum  requirements  in  Seismic  Zones  0  and  1  but  it  is  up  to  the 
designer  to  check  that  none  is  needed. 

Mayes,  University  of  California,  Berkeley: 

Paul,  do  you  think  that  sufficient  information  exists  so  that  you  can  move  towards  a 
limit  state  design  for  seismic  problems?  Are  you  confident  that  that  is  the  way  you  will 
be  able  to  go  by  1979? 

Maurenbrecher : 

We  don't  have  enough  information  on  seismic  problems  for  present  design  but  this 
doesn't  stop  your  writing  a  code  in  terms  of  limit  states  philosophy.     Many  countries  have 
done  so  or  are  in  the  process  of  changing — for  example  Spain,   Russia,  Czechoslovakia, 
Netherlands  and  Britain.     We  still  need  much  more  information  on  material  structural  be- 
havior but  in  the  meantime  conservative  safety  factors  can  be  used. 

Self,   University  of  Florida: 

I  understood  you  to  say  that  it  is  the  designer's  responsibility  to  see  that  the 
construction  is  built  according  to  the  plans  and  specifications? 

Maurenbrecher: 

It  is  the  designer's  responsibility  to  carry  out   inspection  of  the  construction  to 
check  that  it  is  built  according  to  his  plans  and  specifications. 

Se  1  f : 

What  is  the  contractor's  responsibility? 
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Maur enbrecher : 

The  contractor  is  also  responsible  for  any  work  he  undertakes. 

Self: 

I  guess  what  I'm  asking,  really,   (or  fishing  for)   is  whether  or  not  the  legal 
responsibilities  differ  in  Canada  and  the  United  States? 

Maur enbrecher : 

I  believe  they  do.     If  the  National  Building  Code  provisions  are  adopted  by  the 
municipality,  not  only  is  the  contractor  responsible   for  his  work  but  in  addition,  the 
designer  is  responsible  for  inspection  to  see  that  his  plans  and  specifications  are 
fol lowed . 

Wakefield,   Salt  Lake  City: 

When  you  were  speaking  about  the  K  factor,  you  mentioned  that  under  200  feet  in 
height,  you  had  a  1.3  and  above  200  feet  in  height,   you  had  a  2.     Does  that  mean,  also, 
that  you  do  not  have  an  arbitrary  limit  to  the  height  of  reinforced  masonry  structures, 
as  they  do  in  the  UBC? 

Maur enbrecher : 

Not  in  the  National  Building  Code  although  there  may  be  in  local  codes.  The 
National  Building  Code  is  a  model  code  and  it  has  no  legal  backing  unless  it  is  adopted 
by  the  municipalities. 

Wake  field : 

But  I  mean,  as  it  stands  there,  you  have  no  arbitrary  height  limits  like  some 
other  codes . 

Maur enbrecher : 
No. 

Wakefield : 

Congratulations'.     Thank  you. 
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Meehan,   State  of  California: 

Did  you  say  that  the  responsibility  for  the  construction  is  the  designer's 
responsibility? 

Maurenbrecher : 
No. 

Wake  field : 

Is  it  necessary  for  the  designer  to  do  anything  more  than  sign  the  plans? 
Maurenbrecher : 

In  some  cases  a  certificate  must  be  signed  stating  the  building  has  been  built 
according  to  the  plans  and  specifications.     In  many  cases  no  certificate  is  required — 
it  all  depends  on  the  local  municipality. 

Wakefield : 

Is  there  anything  on  file,  and  is  there  anything  written? 
Maurenbrecher : 

Yes,   it  is  written  specifically  in  the  code,  that  the  designer.    .  . 
Wake  field : 

No,   I  mean  after  building,  does  the  designer  issue  some  sort  of  certificate? 
Maurenbrecher: 

Yes,  he  has  to  sign  a  certificate  that  the  building  has  been  completed  according 
to  his  design. 

Wakefield: 

Thank  you. 

•k  /V 
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AIR  FORCE  BUILDING  CONSTRUCTION  EXPERIENCES  IN 
RELATIONSHIP  TO  MASONRY  SEISMIC  DESIGN 


Robert  P.  Reid,  Civil  Engineer 
United  States  Air  Force 


(Oral  Presentation  Only 
Followed  by  Discussion) 

DISCUSSION 

*    A    ;V  A 

Werner,  Department  of  Housing  and  Urban  Development: 

Is  there  an  Air  Force  policy  requiring  that  if  you  are  going  to  rehab  an  existing 
structure,   it  should  also  be  strengthened  for  the  Seismic  Zone  of  the  area? 

Reid,  U.S.  Air  Force: 

Yes,  if  we  rehab  a  facility  in  an  existing  seismic  area  and  the  facility  was  con- 
structed before  the  newest  addition  of  our  risk  map,  during  the  rehabilitation  we  will 
make  every  effort  to  bring  it  to  the  standards  prescribed  by  the  seismic  area  for  new 
construction.     I  must  throw  in  a  caveat  here,   though.     Sometimes  we  give  a  little.  For 
example:     we  had  a  building  in  St.  Louis  which  used  to  be  the  Air  Force  Aeronautical 
Chart  and  Survey  Service  (or  something  like  that;   anyway,   it  made  all  of  our  maps  for 
us).     Several  years  ago  an  organization  was  formed  directly  under  the  Secretary  of  Defense, 
called  the  Defense  Mapping  Agency  and  it  took  the  Army's  activities,   the  Air  Force's 
and  the  Navy's  and  put  them  under  one  great,   large  organization.     However,   they  assigned 
construction  and  design  responsibility  for  their  facilities  (now  under  the  Defense  Mapping 
Agency)  to  the  federal  agencies  who  orginally  had  them.     So,  we  got  that  building  in 
St.  Louis.     About  a  year  and  a  half  later,  they  came  in  with  a  project  to  add  onto  it. 
The  seismic  risk  zone  in  which  St.  Louis  is  located  had  changed  in  the  mean  time  (from 
about  1923  to  1974);     and  the  addition  required  seismic  reinforcement  which  was  conspicuously 
absent  in  the  existing  building.     We  told  our  people  that  this  is  the  way  it  is;  design 
it.     We  had  all  sorts  of  complaints  from  the  local  AE  and  the  contractor  who  said  that 
nothing  else  in  St.  Louis  was  ever  designed  and  built  this  way.     Well,  we  backed  off  on 
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the  grounds  that  if  we  had  to  go  into  the  existing  building  and  build  shear  walls  in  it 
and  all  sorts  of  other  things,  we  would  so  disrupt  the  production  of  the  maps  that  are 
so  sensitive  to  national  security  that  we  should  waive  the  requirement  in  this  one  case 
I  suspect  that  things  like  this  will  continue  to  happen.     We're  going  to  give  it  a  good 
try  but  I  can't  promise  100%  success  in  every  instance. 

*    >V  A 
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HEW  ACTIVITY  IN  MASONRY 
DESIGN  AND  CONSTRUCTION 


Ross  M.  Webb* 
Department  of  Health,  Education,  and  Welfare 


I.  INTRODUCTION 

The  Department  of  Health,  Education,  and  Welfare  owns  about 
2500  buildings  in  the  United  States  which  incorporate  masonry 
construction  in  one  form  or  another.     These  buildings  are  a 
part  of  the  Nation's  health,  education,  and  welfare  systems. 
They  are  : 

(1)  Schools  on  military  bases  and  Indian  reservations; 

(2)  Indian  Health  and  Public  Health  Services  hospitals; 

(3)  Special  purpose  health  and  education  related 
research  facilities;  and 

(^)     Office  buildings  of  the  Welfare  component  of  the 
Department . 

We  have  two  basic  construction  programs:     (1)  Direct  Federal 
Construction,   in  which  we  are  the  Contracting  Officer  responsible 
for  the  design  and  construction  of  Department-owned  facilities; 
and  (2)  Federally  Assisted  Construction  -  This  program  actually 
is  a  variety  of  grant  and  loan  programs  providing  Federal 
financial  assistance  for  construction  of  health  and  education 
related  facilities.     This  past  year,  the  total  HEW  construction 
activity  was  $9.1  billion,  of  which  approximately  $150  million 
was  for  construction  of  Department-owned  facilities. 

II.      SEISMIC  DESIGN  CRITERIA 

Our  criteria  for  seismic  design  are  those  of  the  State  or  local 
code,  or  the  Uniform  Building  Code   (UBC),  whichever  are  the  more 
stringent.     We  deviate  from  the  UBC  in  special  cases  when  the 
site  seismicity  is  determined  to  be  different  from  that  provided 
for  by  code.     Major  deviations  generally  are  attributed  to 
consideration  of  the  maximum  probable  and  maximum  credible 
events  that  may  occur  at  the  site  of  a  hospital  building. 

III.      INFLUENCE  OF  LOCAL  SOILS 

There  are  cases  where  local  soil  conditions  exerted  considerable 
Influence  on  the  building  design  due  to  consideration  of 
liquefaction;  and  site-soil  resonance  with  wave  periods 
arriving  from  far  distant  epicenters  have  influenced  building 
and  utility  designs.     Consideration  of  wave  lengths,  amplitudes 
of  ground  surface  displacements,  and  geometry  of  the  structure, 
of  course,  are  Important  factors  in  considering  long-period 
wave  effects  on  site  facilities.     The  effect  of  proximity  of 
adjacent  structures  on  ground  response  may  be  a  factor  to  be 
investigated  in  the  design  of  critical  facilities  which  must 
remain  operational  after  a  seismic  event.     To  the  best  of  my 
knowledge,  however,  we  have  not  seriously  considered  this  factor. 

*     Structural  Consultant,  Office  of  Facilities  Engineering 
and  Property  Management 
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IV.     EVALUATION  OF  EXISTING  BUILDINGS 


Four  years  ago,  we  started  a  small  program  for  structural 
evaluation  of  our  older  hospital  buildings  constructed  during 
the  early  1930 's  and  19^0' s.     Ten  buildings  were  selected  for 
evaluation.     These  buildings  were  located  in  relatively  low 
seismic  areas  or  on  the  fringe  of  known  tornado  belts.  They 
mainly  were  of  one  or  two  story  non-reinforced  masonry  construc- 
tion with  wood-truss  framed  roofs. 

In  consideration  of  modern-day  codes,  these  structures  provided 
little,  if  any,  seismic  resistance.     If  one  considers  the  present 
state-of-the-art,  however,  some  of  the  buildings  looked  fairly 
good  -  looked  fairly  good  in  that  they  were  short  period 
buildings  located  on  firm  to  hard  soils  and  from  70  to  150  miles 
from  known  causative  faults.     Ignoring  the  risk  due  to  tornado 
and  for  those  buildings  that  were  not  structurally  or  program- 
matically  obsolescent,  the  decision  to  rehabilitate  to  provide 
seismic  resistance  in  accordance  with  the  code  was  difficult. 
The  decision  especially  was  difficult  when  the  contract  architect/ 
engineer  was  reluctant  to  provide  information  concerning: 

(1)  The  spectrum  of  ground  motions  to  occur  at  the  site; 

(2)  The  strain  dependency  of  damping  and  frequency  of 
structural  elements; 

(3)  Analysis  of  wood-truss  frame  roofs  not  having 
adequate  bracing  or  bottom-chord  diaphragms; 

i^)     Similitude  relation  between  model  and  prototype  of 
structural  elements;  and 

(5)     Compatibility  of  deformations  between  diaphragms 
and  structural  supports. 

Use  of  the  different  methods  suggested  in  the  proposed 
revisions  to  the  UBC  for  determining  the  site-soil  resonance 
factor, S,  and  the  soil-period , Ts ,  raised  questions,   for  there 
was  considerable  spread  in  the  answers  for  somewhat  similar 
soil  profiles. 

V.     MAJOR  CONCERNS 

The  responsibility  for  life  safety  of  the  hospital  buildings 
evaluated  is  the  responsibility  of  the  Government,  so 
appropriate  action  was  taken.     But,  in  our  Federally  Assisted 
Construction  Program,  many  owners  of  private  buildings  are  not 
sympathetic  to  requirements  for  upgrading  to  provide  seismic 
resistance,  especially  so  when  their  State  or  local  code  makes 
no  provision  for  earthquake.     Therefore,  we  have  a  major  concern 
that  due  to  differences  in  code  requirements  for  earthquake,  we 
will  experience  difficulty  in  obtaining  compliance  with 
nationally  recognized  code  provisions. 

Another  concern  is  how  do  we  best  structurally  rehabilitate 
a  building  to  provide  seismic  resistance.     The  answer,   of  course, 
may  be  unique  for  each  building;   but  in  consideration  of  the 
response  spectrum,   it  is  obvious  that  damping  and  ductility  are 
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major  factors  to  be  investigated.     For  masonry  construction, 
possibly  slotted-wall  concepts  seriously  should  be  Investigated 

VI.  CLOSURE 

In  closing,   I  sincerely  hope  that  one  outcome  of  this  workshop 
will  be  to  bring  some  of  us  in  the  profession  out  of  the  dark 
age  in  masonry  design  -  both  statically  and  dynamically  -  throu 
implementation  of  a  thoroughly  evaluated  program  for  masonry 
research . 
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U.S.  ARMY  CORPS  OF  ENGINEERS  REQUIREMENTS  FOR 
SEISMIC  DESIGN  OF  MASONRY 


John  L.  Lybas ,  Structural  Engineer 
U.S.  Army  Construction  Engineering  Research  Laboratory 


(Oral  Presentation  Only 
Followed  by  Discussion) 

DISCUSSION 

•>*<         "k  "Ji 

Hegemier,   University  of  California,   San  Diego: 

I  might  have  missed  something;   evidently,   I  did.     What  classes  of  structures  were 
you  talking  about?     How  many?     Can  you  say  something  about  that? 

Lybas,  U.S.   Army  Construction  Engineering  Research  Laboratory: 

Yes.     The  construction  of  the  Corps  is,  except   for  hospitals,  mostly  buildings  that 
are  three  stories  and  under.     This  is  mostly  because  there  is  a  federal  requirement  which 
says  that  anything  over  3  stories  has  to  be  provided  with  elevator  facilities  and 
this  of  course,  becomes  an  economic  thing.     But  there  are  several  hospitals  that  are 
6,   7  and  even  8  stories.     Therefore,   in  most  cases,  the  maximum  height  requirement  of 
about  80  feet  is  not  really  not  an  important  thing  because  there  are  only  a  few  buildings 
like  that  anyway.     It's  mostly  our  hospitals  that  we  are  concerned  about,   among  buildings 
that  are  over  3  stories.     Although,  we  do  have  quite  a  few  lower  masonry  structures. 

Hegemier: 

What  kind  of  numbers,  hospitalwise ,  are  we  talking  about?     How  many  buildings  —  just 
an  order  of  magnitude? 

Lybas : 

I  don't  know  if  I  could  answer  that.     I  don't  really  have  a  feel  for  how  many  there 

are  . 

Hegemier : 

Well,  hospitals,  primarily  of  masonry  construction? 
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Lybas : 

Probably  not  too  many.     Most  of  our  hospitals  are  reinforced  concrete.     In  fact,  prob- 
ably the  greater  bulk  of  our  buildings  are  reinforced  concrete.     Masonry  is  sort  of  a 
secondary  problem  for  us,  next  to  our  problem  of  reinforced  concrete. 

Scalzi,  National   Science  Foundation: 

Do  you  do  your  complete  design  or  do  you  farm  it  out  to  AE  firms? 

Lybas : 

About  80%  of  it  is  farmed  out.     As  to  the  requirements,  we  have  design  manuals  and 
design  requirements;  we  adopt  a  combination  of  SEOC  along  with  the  ACI  code  with  a  certain 
amount  of  modification.     The  Office  of  the  Chief  of  Engineers  provides  the  requirements 
and  control  over  the  whole  operation. 

Seal zi : 

What  reaction  do  you  get   from  the  AE's  when  you  ask  for  a  seismic  design  in  all 
regions  of  the  country  that  are  listed  as  seismic  risk  zones? 

Lybas : 

Well,  of  course,  this  isn't  a  problem  that  I  face  directly,  working  at  the  research 
lab.     The  people  at  OCE  have  told  me  that  there  is  often  a  certain  amount  of  difficulty; 
that  there  is  a  certain  amount  of  resistance  from  the  AE's.     There  is  even  a  certain 
amount  of  difficulty,  at  times,   in  finding  many  parts  of  the  country  that  haven't  been 
zoned  as  seismic  in  the  past.     There  is  difficulty  in  finding  consultants  that  they 
feel  have  the  background  and  know-how  to  do  the  work. 

Scalzi : 

Thank  you. 

*  -k  *  * 
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NAVFAC  INTERESTS  IN  EARTHQUAKE  RESISTANT  MASONRY  CONSTRUCTION 

Joe  V.  Tyrrell 
Director,   Civil-Structural  Division 
Naval  Facilities  Engineering  Command 
Department  of  the  Navy 

The  Naval  Facilities  Engineering  Command  utilizes  the  tri-service  manual,  Seismic 
Design  for  Buildings,   designated  NAVFAC  P-355  by  the  Navy.     This  manual  is  managed  by  the 
U.S.  Army,  Corps  of  engineers,  and  is  coordinated  through  the  ad-hoc  tri-service  committee 
for  structural  engineering.     The  manual  makes  basic  reference  to  the  SEAOC  code.  The 
section  on  masonry  construction  includes  typical  details  and  minimum  requirements  for 
reinforcing.     The  manual  is  scheduled  for  revision  in  1977. 

NAVFAC  is  particularly  interested  in  investigations  which  would  verify  the  minimum 
reinforcing  requirements  for  masonry  walls.     We  would  also  like  to  see  panel  tests  (for 
racking,   etc.)  on  walls  constructed  from  frequently  used  combinations  of  materials  such 
as  brick  and  concrete  masonry  units.     A  particular  area  of  concern  is  the  requirements 
for  cavity  walls  which  are  very  popular  in  many  parts  of  the  country  and  are  of  particu- 
lar importance  because  of  energy  considerations.     Finally,  we  would  like  to  see  more 
research  on  connections  of  walls  to  floors  and  foundations. 

While  NAVFAC  has  not  sponsored  recent  research  on  the  earthquake  properties  of  masonry 
construction,  we  have  conducted  pilot  surveys  of  existing  facilities  and  are  initiating 
a  program  to  survey  and  up-grade  seismic  safety  in  areas  of  high  risk.     The  initial  results 
indicate  that  only  about  5%  of  existing  buildings  are  seriously  deficient  with  respect 
to  earthquake  safety  but  some  of  these  represent  unacceptable  hazards.     Selective  improve- 
ment appears  to  be  worthwhile  and  feasible  and  some  projects  for  improvement  have  been 
deve loped. 

One  of  the  categories  of  structures  found  to  be  most  often  vulnerable  to  earthquake 
damage  are  old  masonry  structures  employing  heavy  bearing  walls.     We  would  like  to  see 
research  on  evaluation  of  such  walls  and  methods  of  structural  reinforcement. 
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SUMMARY  OF  THE  VETERANS  ADMINISTRATION  ENGINEERING  PROGRAM 


Patrick  M.  Sears 
Civil  Engineering  Service 
Veterans  Administration 

The  February  9,   1971  San  Fernando  Earthquake  destroyed  or  severely  damaged  four 
major  hospitals  including  two  patient-occupied  buildings  of  the  Veterans  Administration 
Hospital  that  collapsed.     The  VA  buildings  were  designed  and  constructed  prior  to  the 
development  of  modern  seismic  codes. 

The  Veterans  Administration  has  171  hospitals  in  the  U.S.     Of  these,  68  are  in  active 
or  semi-active  earthquake  areas.     Most  of  the  68  hospitals  have  some  unreinforced  masonry. 
The  buildings  in  these  hospitals  range  in  age  from  6  or  8  years  old  to  well  over  70  years. 
The  total  money  investment  is  in  the  billions  of  dollars  and,  of  course,  the  replacement 
cost  would  be  many  times  the  original  cost. 

After  the  San  Fernando  Earthquake,    it  was  decided  that  the  VA  hospitals  would  be 
strengthened  to  withstand  any  earthquake  that  might  be  expected  in  their  areas  in  the  next 
100  years.     This  involved  a  structural  evaluation  of  the  68  hospitals,  and  each  hospital 
usually  has  many  buildings. 

The  first  thing  that  was  done  was  to  write  a  new  structural  code  —  the  VA's  H-08-8. 
In  H-08-8  there  is  an  outline  of  what  must  be  done  in  a  structural  evaluation.  Briefly 
this  is  as  follows: 

1.  A  Site  Survey  is  done  -  this  is  essentially  a  geological/seismic  evaluation 
of  the  hospital  site  and  the  principal  pieces  of  information  from  this  effort 
are  the  100-year  earthquake  intensity  and  maximum  ground  acceleration. 

2.  Phase  I  Architect/Engineer  evaluation  of  the  hospital  buildings.     The  consultants 
(A/E)  write  a  report  telling  the  VA  what,   if  anything,   is  wrong  with  the  buildings 
when  considering  the  100-year  earthquake. 

3.  Phase  II  Architect/Engineer  evaluation  of  the  buildings.     In  this  phase  the 
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A/E  writes  a  report   telling  the  VA  how  best  to  fix  understrength  buildings  and 
how  much  this  would  cost. 

4.     Phase  III  produces  plans  and  specifications.     After  Phase  III  construction  starts. 

When  a  structural  evaluation  of  an  existing  VA  hospital  building  is  made  it  is  very 
likely  to  concern  the  question  -  "How  much  load  can  the  unreinforced  masonry  walls  take?" 
To  answer  this  question  a  program  of  testing  samples  taken  from  walls  of  existing  buildings 
was  started. 

In  the  beginning  of  the  testing  program,   sampling  and  testing  of  the  wall  specimens 
was  conducted  generally  in  accordance  with  the  National  Bureau  of  Standards  recommendations. 
This  entailed  cutting  a  wallette  approximately   1  1/2  feet  square  out  of  the  existing 
building  walls  and  testing  by  applying  a  compressive  load  across  the  diagonal.     The  cost 
per  sample  is  $2,000  including  the  sample  cutting,   testing  and  patching  of  the  hole.  It 
should  also  be  mentioned  that  such  an  operation  almost  necessarily  causes  some  disruption 
in  hospital  operations. 

It  was  decided  that  something  less  expensive  and  less  disruptive  was  very  desirable. 

For  this  we  turned  to  cylinder  cores   taken  from  the  walls.     A  problem  is  encountered 
here  because  the  results  of  cylinder  tests  do  not  quite  correlate  with  the  results  of 
wallette  tests. 

Testing  Engineers,   Inc.   undertook  to  examine  this  problem.     In  the  test  program 
which  was  run  by  Mr.   F.  R.  Preece,   shear  strength  values  were  obtained  from  wallette 
samples  and  from  cylindrical  core  samples.     Mr.   Preece  found  that  close  agreement  between 
the  two  methods  was  reached  by  including  the  influence  of  internal  friction. 

The  cylinder  core  sample  has   two  big  advantages  over  the  wallette  type  sample. 
First,   the  cylinder  core  costs  only  $200  per  sample  versus  the  approximately  $2,000  cost 
per  wallette  sample.     Second,   a  cylinder  core  can  be  taken  and  the  hole  repaired  relatively 
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quickly,  with  a  minimum  of  disruption  of  hospital  functions,  whereas  cutting  and  replacing 
a  wallette  sample  is  disruptive. 

When  using  a  wall  to  resist  earthquake  or  wind  generated  lateral  forces,  two  types 
of  loading  must  be  considered  by  a  structural  engineer.     The  first  is  out-of-plane  loading 
(loads  perpendicular  to  the  wall) .     This  loading  causes  bending  which  gives  rise  to  tensile 
and  compressive  stresses  on  either  side  of  the  wall.     Quite  often  with  higher  ground 
accelerations,   the  walls  are  unable  to  take  these  stresses,  but  usually  in  areas  where 
earthquakes  are  not  too  severe  the  walls  will  survive  the  out-of-plane  forces. 
Dr.  Gabrielsen  of  San  Jose  University  has  shown  experimentally  that  unreinforced 
masonry  can  survive  quite  high,  repeated  reversing  loading  if  the  walls  are  contained 
within  columns  and  beams.     The  phenomenon  is  described  as  arching. 

After  assuring  that  a  wall  can  survive  out-of-plane  forces  which  induce  bending, 
the  next  loading  condition  for  the  wall  is   in-plane  shear.     In  addition  to  gross  shear 
stresses  on  the  wall,   this   loading  causes  pier  bending  which  causes  tensile  and  compres- 
sive stresses  at  either  side  of  the  pier. 

Thus,   the  Veterans  Administration  needed  data  pertaining  to  the  tensile  and  shear 
ultimate  strengths  of  existing  masonry  buildings.     These  values  are  gotten  by  direct 
sampling  and  testing  (coring)  of  the  existing  walls.     Tne  values  of  ultimate  tensile  and 
shear  stresses  are  then  translated  into  allowable  stress   (via  NBS  approach,  which  by  the 
way,  has  been  incorporated  as  part  of  the  VA's  Standard  H-08-8).     These  allowable  stresses 
then  determine  whether  a  wall  must  be  reinforced  and  whether  it  is  a  viable  structural 
element   (shear  wall)  which  is  capable  of  resisting  forces. 

Tne  Veterans  Administration  now  has  almost  finished  its  program  of  testing  wall 
cores  and  the  results,   to  no  one's  surprise,   can  be  characterized  as  extremely  varied. 
Shear  ultimates  run  from  almost  zero  to  well  over  300  psi.     These  include  sample  results 
from  brick,   concrete  block  and  clay  tile.     The  samples  are  from  all  over  the  country  and 
represent  almost  the  full  range  of  age  and  workmanship  that  can  be  found  in  unreinforced 
masonry.  jj-j 


During  the  progress  of  the  seismic  program,   the  VA  has   found  that  quite  often  walls 
that  might  look  at  first  to  have  no  strength  and  thus  no  influence  on  building  reaction 
to  earthquake  forces  are  in  fact  quite  strong  and  also  do  constitute  major  load  paths. 

The  VA  also  found  that  even  when  the  walls  are  understrength,   a  strengthening  pro- 
cedure that  has  come  to  be  known  as   the  Boise  method  (building  another  wall  on  the  outside 
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of  the  old  one)  can  economically  ($15  to  $30/ft  )  strengthen  old  buildings. 

The  VA  has  found  that  almost  never  does  it  have  to  demolish  a  building  because  of 
understrength  condition.     The  building  can  almost  always  be  brought  up  to  strength  by 
economical  strengthening  procedures. 
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DISCUSSION 
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Redmond,   National  Concrete  Masonry  Association: 

What  kind  of  rig  did  you  use  to  cut  the  circular  specimens  out  of  the  existing  walls 

Sears,  Veterans  Administration: 

I  should  not  have  used  the  word  "we".     We  contracted  this  out  to  various  testing 
labs  throughout  the  country  and  it  was  a  circular  saw,  usually.     I  came  to  distrust  some 
of  the  results  because  when  somebody  cuts  a  specimen  from  a  wall  that  has  been  there 
for  a  while,  and  it  falls  apart  before  they  can  get  it  out  of  the  wall,   I  think,  usually, 
that  they  have  goofed  somehow.     To  answer  your  question,  there  were  all  kinds  of  ways; 
whatever  they  had  on  hand  was  used. 

Redmond : 

What  was  the  general  diameter? 

Sears : 

About  5  1/2  inches  in  diameter. 

Self,  University  of  Florida: 

Does  you  program  extend  to  a  survey  related  to  wind  forces  as  well  as  seismic? 

Sears  : 

No.     The  program  that  I  am  associated  is  purely  seismic;   someone  else  in  ray  sarae 
office  is  the  wind  man. 

Self: 

I  see.  Just  before  coming  here  I  received  an  invitation  to  submit,  not  a  proposal, 
but  a  letter  of  interest  with  respect  to  a  survey  for  wind  forces.  I  thought  that  maybe 
you  were.    .  . 
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Sears: 

I'm  not  really  familiar  with  that.  Sorry. 

Wakefield,   Interstate  Brick  Company: 

Did  you  have  a  specific  angle  when  you  tested  them?     And  would  you  tell  us  why, 
please? 

Sears: 

Fifteen  degrees.     That  was  what  Preece  recommended. 

Yorkdale,   Brick  Institute  of  America: 

Would  you  describe,   if  you  can  very  briefly,   some  of  the  procedures  that  you  used  in 
these  strengthening  methods  or  these  upgrading  methods? 

Sears  : 

I  believe  their  number  approaches,  or  exceeds,  the  number  of  the  A  &  E's  we  have  on 
board  working  on  the  project.     Usually,   an  under  strength  building  can  be  brought  up  to 
strength  by  addition  of  a  shear  wall  in  both  directions.     We  are  almost  precluded  from 
working  inside  a  building.     It  is  not  a  complete  prohibition  but  it  almost  is  because 
when  you  do  construction  inside  a  hospital  building  you  have  to  move  the  patients  out. 
The  doctors  will  not  work  where  there  is  construction  going  on.     Masonry  buildings  are, 
in  our  case,  usually  three  stories  or  less.     We  have  some  high-rise  buildings,  and  they 
are  a  special  case.     They  are  usually  steel,  or  reinforced  concrete   frame.     So  what  we 
end  up  doing,   is  putting  a  new  shear  wall  on  the  outside  of  the  building  -  usually  all 
around  it  . 

Amrhein,  Masonry  Institute  of  America: 

Have  you  used  surface  bonding  material   for  your  rehabilitation?     For  example,  Surewall 
or  BlocBond? 
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Sears : 

I'm  not  familiar  with  that.     Could  you  describe  it  a  little  more? 
Amrhein: 

Yes.     It  is  basically  a  mixture  of  portland  cement  and  glass  fibers  that  is  plastered 
onto  the  wall  to  about  an  1/8  of  an  inch  thickness  and  it  gives  a  structural  skin  to  the 
sur  face . 

Sears : 

No,   I  haven't  seen  that  one  come  up;  I'd  be  interested  in  seeing  what  you  have  on 

it . 

Amrhe in : 

I'll  send  it  to  you. 

Questioner : 

This,  perhaps,  is  not  a  fair  question  to  you  [Sears],  but  to  the  gentleman  [Amrhein] 
who  just  responded:     Are  there  any  dynamic  test  results  with  regard  to  the   surface  bonding 
method  that  you  were  just  talking  about? 

Amrhein : 

Yes,  there  has  been  quite  a  bit  of  research  done  on  this  particular  material  in 
out-of-plane  flexure,  compression,  and  racking  tests. 

Be  ar  s : 

If  any  of  you  want  a  copy  of  our  H-08-8,   (we're  rather  proud  of  it)  just  let  me  know 
and  I'll  mail  you  a  copy. 

it    >V    A  ■k 
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SEISMIC  REQUIREMENTS  OF  THE  PHOENIX  CONSTRUCTION  CODE 

R.  C.  Hildebrandt 
Assistant  Director 
Building  Safety  Department 
City  of  Phoenix 

I'm  sure  that  the  reason  I  was  invited  here  was  to  express  a  point  of  view  from  the 
Phoenix  Building  Safety  Department,   so  that's  what  I'll  do  right  now,   and  save  the 
philosophical  points  for  later  arguments.     I  bring  you  greetings  from  the  desert. 

Let  me  speak  as  a  local,   city  building  official.     Phoenix  has  its  own  Construction 
Code.     We  think  it  is   the  best  such  Code  in  print  -  not  because  it  is  perfect  in  its 
content,  but  because  of  the  system  we  follow  in  creating.     We  have  our  own  Code  -  not 
because  we  think  we're  technologically  smarter  than  everyone  else,  but  so  that  our  local 
industry,   professionals  and  other  citizens  can  have  a  say  in  what  the  Code  requires.  At 
any  given  time,  one  hundred  or  more  such  people  are  active  in  Phoenix  Code  review  work. 

Our  Code  has  a  masonry  chapter  -  Part  21  -  as  well   it  should,   since  Phoenix  is  among 
the  nation's  leaders  in  per-capita  use  of  masonry.     We  have  a  seismic  design  section 
too  -  not  because  we  have  either  a  history  or  demonstrated  likelihood  of  any  significant 
seismicity,   but  because  someone,   in  their  wisdom,   decided  that  Arizona  should  be  in 
Seismic  Zone  2.     We  sometimes   feel  that  we  are  in  greater  danger  of  being  swallowed  up 
by  the  presence  of  the  San  Andreas  Fault  than  we  are  of  being  physically  damaged  by  its 
tremors . 

Following  our  usual  custom  of  knowledgeable  participation,   the  Phoenix  Code  seismic 

requirements  have  just  been  rewritten.     They're  brand  new — won't  become  law  until  the 

City  Council  formally  adopts  them.     This  work  was  preceded  by  an  affirmative  answer  to 

the  question,   "Is   there  a  problem?"     In  this  case  the  answer  was   "yes,"  not  because  of 

earthquake-caused  failures,   but  because  of  unrealistic  Code  requirements.     So  it  was  done, 

and  I  have  copies  for  most  of  you  for  your  information.     Some  with  soil  interaction 

backup,   and  some  simply  with  the  proposed  Code  writing. 
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We  d   like  to  do  the  same  thing  with  masonry,   because  our  masonry  section,   as  well 
as  that  of  any  code  of  which  I  am  aware,   just   isn't  all   that  swift.     But — is  there  a 
problem?    Are  the  masonry  buildings  being  built   in  Phoenix  unsafe  or  inadequate  because 
of  deficiencies   in  masonry  code  requirements?     I  don't  know,   but  I  do  know  we  could 
use  help  in  arriving  at  simple  answers   to  some  fundamental  questions   involving  masonry 
performance,   earthquake  or  not. 

1.  Shear  reinforcement  -  How  much  is  required  and  where,   and  just  what  do  we  want 
it  to  do  anyway?     Does  X-cracking  really  pose  any  dangers? 

2.  How  much  reinforcement  is  necessary  for  a  wall  to  be  considered  "reinforced 
masonry?" 

3.  H/ t  ratios  -  Are  our  present  common  maximums  necessary  and  rational? 

4.  Joint  reinforcement  -  How  effective  is  it? 

5.  Six-inch  walls  -  Can  we  safely  extrapolate  from  customary  8-inch  standards? 

6.  Are  we  making  progress  toward  a  "rational  design"  procedure  for  masonry? 
Or  should  we? 

7.  What  do  we  know  about  new  masonry  methods  such  as  surface  bonding  and  the  latest 
form  of  mortarless  block?     What  do  we  want  to  know? 

For  well  over  25  years,   I  have  been  in  trade  association  work,   employed  by  a  construc- 
tion material  supplier,   been  a  licensed  contractor,   a  practicing  engineer,   served  as 
President  of  the  Structural  Engineers  Association  in  two  states,  managed  a  prestressed 
concrete  plant   (including  a  Tomax,   prefabricated  masonry  wall  operation),  and  now  a 
building  official.     Perhaps  I  thus  approach  the  questions  at  hand  with  too  much  of  a  mixed 
bag  of  views,   but  I  must  express  the  hope,   as  a  structural  engineer,   that  we  don't  fall 
into  the  structural  engineer's   trap  of  over-sophistication  out  of  our  love  for  6th  decimal 
point  precision.     Years  ago,   as  a  consultant,   our  office  designed  a  six-story,  post- 
tensioned  lift  slab  structure   in  Seattle.     It  was  called  the  "Four  Freedoms."     At  the 
same  time,  unknown  to  me,   someone  else  was  designing  a  six-story,   post-tensioned  lift 
slab  structure  for  Anchorage  -  "the  Four  Seasons."     During  the  Alaska  earthquake,  whenever 
that  was,   the  Four  Seasons  collapsed,   and  I  worried.     A  later  earthquake  in  Seattle  did 

nothing  to  the  Four  Freedoms,   but  I'm  first  to  admit  that   if  the  Good  Lord  had  made 
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a  fault  occur  between  our  lateral  support  cores,  our  building  would  have  collapsed 
too . 

At  about  the  same  time,   I  designed  a  County  Civil  Defense  Center.     It  was  to  be 
nuclear-blast  resistant.     I  studied  for  weeks,  night  and  day,   on  trying  to  achieve  proper 
dynamic  resistance,   until  I  found  the  words   that  set  me  straight.     "If  you  design  for 
ground  zero, two  miles  away, and  a  5-kiloton  bomb,  how  will  your  building  perform  if  a  3- 
megaton  bomb  lands  on  the  roof?"     I  don't  know  how  to  design  to  resist     the  forces  of  the 
millennium.     None  of  us  do.     So  I  guess  I'm  committed  to  avoiding  being  overly  impressed 
with  the  scientific  ability  to  play  "what  if." 

Local  codes  are  nothing  more  than  the  expression  of  local  public  policy,  and  policy 
is  not  what  we  intend,  but  what  we're  willing  to  enforce.     What  is  needed  by  building 
officials,   engineers,   architects — all  of  us  in  the  construction  industry — is  simplicity, 
reality,   and  common  sense. 
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DISCUSSION 

it    *    *  i< 


Mayes,  University  of  California,  Berkeley: 

I'm  just  interested,   as  a  non-U. S.   citizen,  with  your  attitude  toward  your  local 
building  code.     If  a  natural  disaster  such  as  an  earthquake  did  hit  Phoenix,  would  you 
turn  to  the  U.S.   government   for  help  or  do  you  accept  complete  responsibility  for  your 
codes  as  they  stand  now? 

Hildebrandt,  City  of  Phoenix: 

Well,   there  is  no  single  way  to  answer  that,  of  course.     ("Have  you  stopped  beating 
your  wife?") 

I  personally  would  not;   I  believe  that  I  can  say  that,  reflecting  the  viewpoint  of 
the  attitude  of  the  people  who  make  the  decisions  in  Phoenix.     No!   It  is  not  that  we 
are  saying  that  earthquakes  are  to  be  ignored.  We  don't  believe  there  is  any  likelihood 
that  there  is  going  to  be  any  significant  seismic  damage  to  construction  in  Phoenix.  And, 
when  I  say  we,   I  can  say  it  collectively  because  that  is  the  attitude  reflected  by  the 
subcommittee  of  our  building  safety  advisory  board  that  wrote  that  revised  document;  and 
they  relied  heavily  on  both  ATC-3  and  the  VA  studies  (of  which  they  speak  very  highly) 
in  reaching  that  conclusion. 

Scalzi,  National  Science  Foundation: 

Does  the  State  of  Arizona  have  a  state  geologist,   seismologist,  etc. 

Hildebrandt : 

Not  really. 

Scalzi : 

How  did  you  evaluate  the  hazards? 
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Hildebrandt : 

The  best  way  we  could.     We  had  a  consulting  civil  engineer,  George  Beckwith,  who 
is  actually  a  soils  engineer,   and  very  highly  thought  of  in  that  profession  in  the  State 
of  Arizona.     He  is  not  a  public  employee;  he  is  a  private  consultant.     He  served  as  the 
soil  study  advisor  to  the  subcommittee  that  studied  the  question  of  revising  the  seismic 
code  requirements. 

Werner,  Department  of  Housing  and  Urban  Development: 

Regarding  the  code  changes  that  have  been  proposed,   and  which  you  have  shown  here, 
there  was  a  committee,   I  take  it,  of  professionals  that  developed  the  code  changes. 
Was  there  any  input  from  the  public?     Or,  what  happens  now  in  terms  of  citizen  input 
as  to  whether  they  are  willing  to  accept  the  level  of  seismic  safety  proposed  for 
Phoenix? 

Hildebrandt: 

Our  procedure  in  the  case  of  any  proposed  code  revision  is  the  same.     We  have  a 

Building  and  Safety  Advisory  Board  which  is  appointed  for  rotating  overlapping  terms 

by  the  mayor  and  the  council  (for  longer  periods  of  time  than  either  the  mayor  or 

council  serve).     When  a  question  comes  forth  that  appears  to  be  legitimate,   a  committee 

is  formed.     In  this  case,   it  appeared,  not  to  the  Building  Safety  Department  necessarily, 

but  to  everyone  doing  design  in  Phoenix,   that  the  seismic  code  requirements  were  requiring 

a  far  higher  level  of  sophistication,   complexity  and  expense  than  was  warranted.  The 

Building  Safety  Advisory  Board  appointed  a  committee  chairman  from  among  its  membership 

and  the  committee  chairman  then  selected  people  that  he  thought  would  be  the  most 

knowledgeable  in  the  area  to  serve  with  him  on  the  committee.     It  consisted  of  three 

structural  engineers,  one  structural  engineer  who  happens  to  be  a  college  professor, 

(Harry  Lundgren,  whom  many  of  you  may  know)   and  George  Beckwith,  the  soils  consultant. 

In  addition,  anyone  who  wishes  may  serve  as  an  advisory  consultant  to  this  committee. 

This  simply  means  that  they  don't  vote  but  they  have  a  very  large  say.     The  subcommittee 

enters  into  a  series  of  public  meetings,   (say  once  every  two  weeks,  or  once  a  month) 

until  they  have  the  code  provision  pounded  together.     That  is  followed,   as  a  last  step, 

by  a  public  hearing  the  announcement  of  which  is  widely  disseminated,  and  advertised 
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in  the  local  papers.     People  are  encouraged  to  come,   and  quite  often  we  have  50  to 
75  or  80  people  in  that  room,  depending  on  the  nature  of  the  controversy,   if  any. 
Following  that  public  hearing,   the  subcommittee  makes  its  final  decision  based  upon 
whatever  input  they  get,   and  makes  the  recommendation  to  the  code  advisory  board  which 
recommends  it  to  the  council,  because  the  council  must  act  if  it  is  a  code  change. 
We  try  to  get  everybody  that  is  interested  into  the  act. 

Sears,  Veterans  Aministration: 

Did  you  quote  our  site  survey  there? 

Hildebrandt : 

I  said  that  this  was  part  of  the  material  that  was  studied  by  the  entire  sub- 
committee as  it  reached  its  conclusion. 

Sears : 

It  did  show  a  very  minimal  acceleration? 
Hildebrandt: 

Yes;   and  it  is  referred  to.     Incidentally,  you  may  be  one  who  wishes  to  have 
the  thicker  of  those  two  sets  because  it  is  referred  to  in  George  Beckwith's  summary 
of  the  soil  interaction  portion  of  the  background. 

Sears : 

I  don't  believe  that  ground  acceleration  justified  a  Zone  2  at  all. 

Hildebrandt : 

Neither  do  we. 

Mayes,  University  of  California,  Berkeley: 

Your  principles  of  getting  nontechnical  people  involved,   seem  to  me  to  be  very 

good.     I  therefore  assume,  that  to  get  across  to  the  nontechnical  citizens  you  must 

put  their  safety  with  respect  to,   say,  an  earthquake  in  terms  of  probabilities  that 
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they  experience  everyday  such  as  getting  in  and  driving  a  car,  because,   I  find  it 
difficult  to  believe  that  they  could  comprehend  a  discussion  on  allowable  stresses 
for  masonry  unless  it  was  done  in  terms  of  something  that  they  would  be  familiar 
with . 

Hi Idebrandt : 

Well,   I  think  that  the  observation  is  correct.     There  is  no  way  that  you  can 
expect  a  lay  person,  with  no  technical  background  to  speak  of,   to  comprehend  the 
kind  of  jargon  that,  as  structural  engineers,  we  toss  around  all  of  the  time.  However, 
a  building  code  entity  has  a  slightly  different  responsibility  than  a  pure  engineering 
group.     Our  mission  is  to  provide  public  safety  and  that  is  how  we  try  to  relate 
the  requirements  that  appear  in  codes.     We  found  in  this  particular  case  which  was 
the  most  technologically  complex  of  any  code  changes  that  we  have  encountered  in 
recent  years,  no  serious  argument  or  expression  of  lack  of  understanding  on  the  part 
of  the  lay  public.     Now,  maybe,  had  we  been  finding  that  we  should  have  been  going 
from  Zone  1  to  Zone  2  instead  of  the  reverse,  essentially,  we  might  have  encountered 
a  different  kind  of  response,  because,   that  might  have  cost  people  more  money.  But 
I  think  that  the  guys  that  served  on  that  committee  were  well  equipped  to  cope  with 
that,   and  they  provided  leadership.     They  did  not  just  wait  for  somebody  to  throw  a 
rock;   they  provided  the  leadership  that  I  think  any  code  provision  needs. 

Mayes : 

I'm  just  interested  in  how  they  put  the  relative  probabilities  in  terms  of  re- 
ference that  could  be  understood  by  the  lay  public.  They  must  be  a  lot  better  than 
a  lot  of  other  people  that  I  know. 

Hildebrandt : 

No,   I  think  that  this  is  what  the  subcommittee  had  to  address  itself  to.  We 
frankly  thought  that  the  very  concept  of  putting  the  State  of  Arizona  entirely  in 
Zone  2  is  a  bunch  of  garbage,   to  put  it  kindly.     How  that  conclusion  was  ever  reached 
I'll  never  know,  but  it  was;   and  we  do  not  agree  with  it  and  our  committee  did 
not  agree  with  it. 
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Reid,  U.S.  Air  Force: 

Almost  in  every  case,   (and  I  think  it's  quite  strongly  implied  in  your  case)  it 
just  boils  down  to  a  question  of  the  bucks.     Could  you  give  us  any  idea  of  what  we 
are  talking  about,  moneywise,   in  Phoenix,   (that  is,   percentage  wise,  what  you  hope 
to  save  by  this  change,  or  the  penalty  that  would  have  been  inflicted  had  you  left 
out  the  change)? 

Hildebrandt : 

I  would  like  to  be  able  to  answer  that  in  a  straightforward  way;   I  can't  really. 
The  committee  did  address  itself  to  that  because  they  felt  that  they  would  be  asked 
the  question.     I've  heard  numbers  ranging  all  the  way  from  2-1/2  to  10%.     Now,  2-1/2 
to  10%  of  what?     Everything  is  relative.     I  don't  think  there  is  any  good  way  to  answer 
that  question  in  a  completely  total  way. 

Reid: 

The  reason  I  asked  it  was  because  I  have  been  asked  it  and  I  haven't  had  any 
good  answers . 

Hildebrandt : 

Well,   I've  had  architects  tell  me,   in  the  past,   "I  don't  know  why  you  structural 
engineers  mess  around  so  much;   I  can  make  more  of  a  change  in  the  cost  of  this  building 
with  a  change  in  floor  tile  than  you  can  by  changing  your  whole  structural  system." 

Reid : 

Right. 
Hi Idebrand  t : 

But  that  is  not  to  say,  that  there  aren't  going  to  be  seventeen  irate  folks  on  your 
back  if  you  demonstrate  any  unwillingness  to  try  to  pull  a  penny  and  a  half  out  of 

that  building  structurally.  The  real  point  of  this  is,  that  it  is  not  necessarily 

a  question  of  bucks  totally.  Building  departm.ents ,  unfortunately,  and  building  codes 

in  general,  wind  up  getting  used  as  an  arena  for  special  interest  groups  whether  they 
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be  people  trying  to  save  money  or  people  trying  to  spend  money,  whether  they  be  people 
interested  in  getting  research  funds,  or  whether  they  be  contractors  trying  to  cheat. 
We're  an  arena  for  that  kind  of  thing.     The  point  of  all  of  this,  in  my  judgement,  is 
that  this  is  an  improved  code  provision  reached  in  the  right  way. 

Cranston,  British  Cement  and  Concrete  Association: 

I  would  like  to  describe  an  incident,   from  British  practice,  which  may  help  to 
get  this  into  perspective.     You  may  have  heard  about  the  high  alumina  cement  problem 
in  Britain,  where  quite  a  number  of  buildings  have  had  to  have  remedial  treatment. 
The  whole  thing  started  with  two  buildings  actually  falling  down,  including  a  roof 
which  fell  into  a  swimming  pool  (empty  at  the  time).   As  an  engineer  elected  as  a 
councillor  I  happened  to  be  sitting  on  the  buildings  sub-committee  and  I  saw  the 
public  reaction  to  this  from  both  the  official  side  and  the  public  side.     The  county 
architect  threw  the  decision  as  to  whether  we  should  close  down  all  of  our  schools 
(putting  all  of  the  kids  onto  the  streets)  while  he  found  out  whether  there  were 
high  alumina  cement  roofs  or  not,  onto  us,   the  lay  committee.     The  20-strong  committee 
discussed  it  rationally,  and  decided  not  to  close  any  schools  until  the  presence  of 
high  alumina  cement  concrete  was  established.     In  other  words  we  accepted  the  risk. 
One  of  the  key  arguments  was  that  it  was  going  to  be  a  lot  more  dangerous  to  have 
several  thousand  kids  on  the  streets  getting  knocked  down  by  automobiles  than  to  leave 
them  in  a  classroom  with  a  small  risk  of  the  roof  falling  in.     Lay  people  can  discuss 
this  rationally.     Incidentally  the  meeting  was  open  to  press  and  public. 

Questioner : 

Do  you  make  any  distinction  with  regard  to  classification  of  buildings  such  as 
hospitals  and  schools  versus  general  residential  construction  and  so  forth? 

Hildebrandt: 

Yes,  that  is  addressed  in  this  revised  code  provision,  where  you  have  an  importance 
factor.     That's  what  you  are  talking  about,   I  presume? 
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Questioner : 
Yes  . 

Hildebrandt : 

Yes,  we  have  a  variable  importance  factor.     The  committee  decided  in  a  judgement 
that  it  would  not  make  it  quite  the  same  in  terms  of  numbers  and  its  effect  as, 
let  us  say,  the  UBC  does.     Now,  whether  that  is  right  or  wrong  I  wouldn't  necessarily 
have  an  opinion  on;  but  we  do  have  the  difference.  We  recognize  that  a  hospital  is 
a  little  bit  more  important  than  a  Circle-K  Market. 


Questioner : 

Fine,  thank  you. 

*   jV   )'t  A 
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CONCERNS  OF  THE  NYC  HOUSING  AUTHORITY  IN  THE  DESIGN  OF 
MULTIFAMILY  MASONRY  RESIDENTIAL  STRUCTURES 


Eric  Nadel 

Assistant  to  General  Manager  for  Development 
New  York  City  Housing  Authority 


When  Bob  first  contacted  me  about  participating  in  tliis 
Workshop  I  was  hesitant.     As  best  as  I  could  tell  I  had  no 
earthquake  problems.     We  settled  on  that  I  would  come,  repre- 
sent and  speak  for  the  large  users  of  masonry  and  to  express 
some  of  their  problems  and  needs. 

As  a  frame  of  reference,   let  me  tell  you  about  the  size 
and  complexity  of  our  operation.     As  of  this  morning  we  were 
the  largest  owner  and  operator  of  multi-family  residential 
property  in  this  country.     I  must  hedge  this  statement,  however, 
because  at  the  rate  the  FHA  is  foreclosing  their  insured  prop- 
erties, by  now  they  may  be  the  largest. 

We  now  own  and  operate  about  165,000  apartments  in  over 
3,500  buildings  ranging  from  one  family  homes  to  thirty  story 
towers.     With  the  exception  of  the  one  family  homes,  many  of 
which  are  brick,  all  of  our  buildings     are  masonry  clad.  They 
are  brick  curtain  walls  with  concrete  block  backup,  or  split 
block  instead  of  brick  as  well  as  load  bearing  brick  and  block 
masonry  walls.     Almost  all  of  the  curtain  wall  buildings  are 
of  a  reinforced  concrete  frame  since  until  now,   concrete  was 
more  economical  than  steel.     Our  buildings  contain  over  25  mil- 
lion square  feet  of  exterior  masonry  walls.     If  my  conversion 

is  correct  that  is  over  150  million  bricks. 
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While  new  construction  is  now  dormant,   or  perhaps  as  some 
have  called  it,   comatose,   in  our  area  we  are  still  designing 
for  the  future.     We  hope  that  future  begins  after  November. 
Most,   if  not  all  of  our  design  work  is  performed  by  outside 
firms  under  criteria  we  establish.     In  addition  to  our  criteria, 
much  of  which  was  established  based  on  42  years  of  operating 
experience , the  designers  have  to  comply  with  the  HUD  Minimum 
Property  Standards  and  the  New  York  City  Building  Code.  The 
designer  has  to  serve  three  masters  and  has  no  easy  task. 

We  may  be  trying  to  ignore  the  problem  but  we  do  not 
think  we  have  any  seismic  problems  that  is  not  covered  by  the 
above  three  criteria.     Although  the  New  York  City  Building  Code 
was  revised  not  long  ago,  when  it  comes  to  life  safety,   it  is 
still  conservative.     For  example,   for  an  unreinforced  load 
bearing  masonry  wall  of  125  foot  height,   the  lowest  55  feet 
would  be  16  inches  wide,   the  next  55  feet,   12  inches  and  then 
8  inches  for  the  balance.     Perhaps  requirements  such  as  this 
make  any  additional  seismic  requirements  unnecessary.     In  ad- 
dition, where  seismic  risk  is  low,  design  for  wind  load  will 
take  care  of  earthquake  load  since  wind  and  earthquake  are  as- 
sumed not  to  occur  together. 

We  do,   however,   have  other  problems  with  masonry.  Look- 
ing at  the  problem  both  from  the  view  of  an  owner  and  a  con- 
tract adm.inistrator ,  we  find  that  the  standards  have  not  been 
revised  nor  brought  up  to  date.     For  example,  we  do  not  know  of 
any  ASTM  standard  which  calls  for  dimensional  stability  so  that 
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one  can  design  for  a  maximum  expansion  of  a  brick.     In  sdf-defense 
more  and  thicker  expansion  joints  are  introduced.     Nor  do  we 
know  of  an  industry  standard  that  establishes  the  chemical 
composition  of  a  brick  nor  what  is  the  firing  rate  for  different 
chemical  compositions.     With  that  standard  lacking,  how  you 
rationally  predict  brick  behavior  we  do  not  know.     Indeed,  the 
lack  of  the  above  cites  standard  is  part  of  a  problem  we  now 

have  and  which,  up  to  now,   has  defied  solution. 

We  think  that  tests  of  the  curtain  wall  panel,  especially 
its  interaction  with  the  frame,  would  be  helpful.     Over  twenty 
years  ago  when  we  started  specifying  cavity  walls,   things  were 
simple.     Reinforced  concrete  frames  did  not  exhibit  continual 
creep  nor  did  brick  continually  expand.     Things  were  simple. 

Both  researchers  and  code  writers  must  keep  the  economics 
of  the  building  industry  in  mind.     To  introduce  design  con- 
straints which  add  to  the  cost  of  construction  without  a  real- 
istic payback  period  will  stifle  the  pace  of  construction. 
The  other  result  might  be  introduction  of  materials  other  than 
masonry  which  can  more  easily,  that  is  more  economically,  adapt 
to  the  new  requirements . 

And  lastly,   since  some  of  the  recommendations  that  we 
generate  here  may  find  themselves  in  Federal  Standards,  please 
be  careful  as  you  apply  them.     The  precision  of  a  rifle  shot 
is  preferred  to  the  buckshot  pattern  of  a  shotgun.     Let's  not 
repeat  what  we  consider  a  redundancy,   the  requirement  of  a 
sprinkler  system  in  the  corridors  of  a  fireproof  building. 
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DISCUSSION 

i< 


Webb,  Department  of  Health,  Education,  and  Welfare: 

Did  you  say  that  you  do  comply  with  HDD's  Minimum  Property  Standards?     Is  this 
correct? 

Nadel,  New  York  City  Housing  Authority: 

We  try  as  best  we  can — if  we  can  understand  most  of  it. 

Webb: 

Thank  you. 
Nadel : 

I  think  that,   for  masonry  people,   it  might  be  interesting  to  look  at  one  of  the 
standards  which  requires  that,  when  you  have  a  two-wythe  cavity  wall,  you  must  parge 
the  interior  side  of  the  outer  wythe  and  the  outer  side  of  the  inner  wythe.  Unless 
we  can  find  a  mason  with  a  one-inch  arm  we  have  great  difficulty  doing  it. 

Webb: 

What  I  was  really  referring  to  was  that  the  Minimum  Property  Standards  which 
were  recently  revised  have  a  reference  to  BRAB  criteria  for  seismic  design  that  was 
introduced  in  that  code  and  those  criteria  are  pretty  doggone  stringent  criteria. 

Nadel : 

Well,  fortunately  (or  unfortunately,  we're  not  sure  which)  we  haven't  been  doing 
much  building  since  the  new  HUD  Minimum  Property  Standards  came  out.  So,  it  has  given 
us  enough  time  to  start  looking  at  it. 

Gensert  (Censert,  Peller,  Mancini  Associates): 

You  referred  to  a  number  of  requirements  regarding  horizontal  expansion  joints  in 
masonry.     Is  it  possible  that  that  might  be  a  linear  change  in  the  column  due  to 
creep  in  concrete  or  temperature  changes? 
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Nadel : 

No  question;   the  problem  that  you  are  really  facing  is  that  when  (I  suppose  "in 
the  good  old  days",   as  some  of  us  today  define  it)  you  designed  a  reinforced  concrete 
frame  you  knew  exactly  what  was  going  to  happen  to  it.     When  you  specified  masonry, 
you  knew  exactly  how  it  was  going  to  behave.     As  time  has  been  going  on,  whether 
manufacturers  of  cement  have  been  changing  their  formula,  whether  concrete  people 
have  been  cheating  on  it,  or  whether  masonry  people  have  lost  the  quality  control, 
you  just  have  a  case  in  which  the  theory  of  compensating  errors  doesn't  work.  What 
you  find,   lately,   is  that  errors  keep  compounding  rather  than  compensating  themselves. 
And  so,  you  keep  introducing  more  "safety  valves"  -  more  horizontal  expansion  joints, 
more  vertical  expansion  joints,  more  ties.     You  may  reach  the  point  where  you  say 
"Forget  it;   let's  go  to  metal  curtain  wall".     At  least  you  don't  have  to  worry  about 
expansion  in  eight  feet  of  it. 
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REQUIREMENTS  OF  A  SEISMIC  RESISTANT 
MASONRY  CONSTRUCTION  CODE 


Creighton  C .  Lederer 
Director,  Department  of  Buildings  and  Safety  Engineering 
City  of  Detroit 


It  is  a  pleasure  for  me  to  join  with  you  here  in  Boulder,  Colorado  in 
this  workshop  to  consider  ways  of  improving  Earthquake  Resistant  Design  of  Masonry 
Construction.     I  would  like  to  start  by  telling  you  a  few  things  about  Detroit 
and  Michigan  as  it  relates  to  the  regulation  and  implementation  of  codes. 
First,  Detroit  is  the  largest  major  city  in  the  United  States  using  a  model  code. 
We  use  the  Building  Officials  and  Code  Administrators  International  (BOCA)  Code 
without  seismic  design  amendments.     We  are  in  Earthquake  Zone  Number  1,  which 
means  there  is  a  possibility  of  some  minor  damage  to  buildings  due  to  earth- 
quakes.    However,  since  we  have  no  record  of  any  loss  of  life  or  damage  to 
property  from  an  earthquake,  Detroit  has  exempted  itself,  from  earthquake 
design  requirements  by  virtue  of  Section  719.1  of  our  Building  Code. 

This  does  not  mean,  however,  that  we  are  not  interested  in  earthquake 
design.     As  you  know,  engineered  masonry  wall  bearing  construction  is  becoming 
quite  popular  throughout  the  country  and,  in  Detroit,  it  is  now  approaching 
the  20-story  level.     This  type  of  construction  is  quite  brittle  when  unrein- 
forced  and  would  have  difficulty  withstanding  the  whiplash  effect  of  an  earth- 
quake.    For  this  reason,  we  feel  minimum  reinforcement  should  be  provided. 
Our  policy  is  to  require  minimum  reinforcement  because  of  our  concern  for 
earthquake-like  loadings  such  as  wind,  earth  movement  or  progressive  collapse. 
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The  reinforcement  required  for  these  conditions  helps  guard  against  the  remote 
possibility  of  damage  due  to  an  earthquake. 

We  also  note  that  risk  maps  have  been  developed  which  have  changed 
the  seismic  rating  of  cities  like  Charleston,  S.  Car.,  Boston,  Mass.  and 
Memphis,  Tenn.,   to  indicate  an  increased  possibility  of  earthquake  and,  conse- 
quently, will  substantially  increase  the  cost  of  construction  in  those  areas. 
We  are  concerned  that  these  risk  maps  are  fair  and  that  they  accurately 
reflect  the  best  knowledge  available  on  seismic  occurrences  in  the  United 
States. 

1  would  like  to  stress,  in  my  remarks  this  morning,  what  type  of 
seismic  regulations  I  feel  we  should  have  in  Building  Codes  in  the  United 
States.     You  should  have  a  summary  of  my  responsibilities  with  relation  to 
Building  Codes  to  make  these  points  credible.     First,  I  am  Director  of 
Detroit's  Buildings  and  Safety  Engineering  Department  with  a  concern  for 
urban  codes.     Second,  as  Commissioner  and  Vice  Chairman  of  the  Michigan 
Construction  Code  Commission,  I  have  a  responsibility  for  the  state-wide 
promulgation  of  codes,  carrying  them  into  rural  areas  that  have  never  had 
codes  before.     Third,  as  a  Member  of  BOCA's  Executive  Committee  and  Chairman 
of  the  Housing  and  Property  Maintenance  Code  Committee  which  is  in  the  process 
of  developing  a  new  model  Housing  Code,  I  have  a  code  responsibility  for 
development  of  model  codes  which  is  national  in  impact.     This  multi-level 
responsibility  brings  me  into  problems  of  code  development,  enforcement, 
and  quality  of  inspection  in  urban  and  rural  areas;  of  City,   State,  and 
Federal  code  promulgation;  and,  of  model  and  non-model  code  promulgation. 
What  should  a  good  Seismic-Resistant  Code  for  Masonry  Design  contain?  It 
occurred  to  me  that,  as  I  reviewed  the  six  major  points  that  I  wish  to  discuss 
with  you  this  morning,  they  turned  out  to  be  the  same  as  for  any  important, 
highly  technical  and  special  code  item  such  as  high  rise-life  safety  and 
fire  protection,  or  energy  conservation. 
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This,   then,   is  what  I  think  a  good  Seismic-resistant  Code  for  Masonry 
Construction  should  require: 

1.  The  Code  must  be  usable.     Structural  Engineers 
must  be  able  to  work  with  understandable 
Building  Codes  that  have  practical  legal 
force.     The  code  should  not  be  a  technical 
treatise  on  earthquake  resistant  design 

but  a  concise  statement  of  currently 
accepted  professional  practice. 

2.  It  should  be  a  performance  code  rather  than 
a  specification  code.     The  code  should  not 
attempt  to  relieve  the  individual  structural 
engineer  of  the  need  to  exercise  a  high  degree 
of  judgment  in  design  details.     In  general, 
the  code  should  be  more  an  expression  of 
desired  results  that  a  set  of  instructions 

on  how  to  attain  them. 

3.  The  code  should  be  life  safety  rather  than 
property  safety  oriented.     Earthquake  Resistant 
Design  Codes  should  not  be  intended  to  ensure 
against  damage  to  structures.     It  should  be 
assumed  that  a  large  earthquake  will  cause  heavy 
damage,  but  it  should  be  our  intention  that  it  will 
not  cause  building  collapse  with  consequential  loss 
of  life  and  injury.     Thus,  the  code  should  contain 
implicit  economic  judgments  with  a  reasonable  balance 
between  repair  cost  and  initial  cost.     Since  such 
judgments  will  depend  very  much  on  local  conditions, 
it  should  be  expected  that  different  countries  and 
different  areas  in  the  same  country  might  well  have 
very  different  codes. 
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4.  Codes  are  not  divine.     All  codes  are  in  a  constant 
state  of  development  and  improvement.    As  new 
research  knowledge  becomes  available,  as  experience 
from  destructive  earthquakes  accumulates  and  as 
various  social  and  economic  changes  appear  it  will 
become  necessary  to  modify  the  code.    A  reasonable 
degree  of  flexibility  in  formulation,  interpretation, 
implementation  and  revision  thus  becomes  very 
important. 

5.  The  Code  must  have  clout.     Experience  has  demonstrated 
that  codes  themselves  are  of  little  use  unless  they 
are  backed  by  a  powerful  enforcement  agency  and  a 
comprehensive  inspection  service. 

6.  The  Code  must  ultimately  face  the  retrofit  problem. 
It  must  be  remembered  that  no  matter  how  effective 
codes  become  or  how  efficient  earthquake  resistant 
design  can  be  made,  there  will  be,  for  a  long  time, 

a  great  number  of  existing  old  structures  that  cannot 
be  brought  up  to  an  acceptable  standard  of  strength. 
In  the  U.S.  alone,  I  have  heard  estimates  from  350,000 
to  400,000  hazardous  structures  in  the  Zone  2  and 
Zone  3  Seismic  Zones.     In  many  parts  of  the  world  with 
high  population  densities  and  at  early  stages  of 
economic  development,  this  problem  is  especially 
troublesome. 

It  appears  to  me,  with  the  little  research  that  I've  done,  that  the 
state  of  the  art  of  Seismic  Design  for  Masonry  Construction  is  in  a  state  of 
disrepair.     Therefore,  what  we  do  this  week  is  very  important.     We  need  new 
directions  and  new  ideas  in  research,  design  and  regulation.     It  is  important 
that  we  approach  this  task  constructively  and  with  dedication  and  forcefulness 

What  we  are  about  can  have  a  beneficial  effect  on  our  communities, 
our  nation  and  the  world.    We  must,  therefore,  make  a  dedicated  effort.  We 
cannot  afford  to  do  less. 
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DISCUSSION 
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Webb,  Department  of  Health,   Education,  and  Welfare: 

You  certainly  bring  out   some  very  noble  points  with  regard  to  what  a  code  should  be  and 
with  regard  to  performance.     I  think  that  there  is  some  pretty  heavy  experience  that  would 
indicate,  indeed,  that  performance  is  desirable.     However,   I  think,  also,   that  experience 
would  state  that  you  are  going  to  have  to  write  one  whale  of  a  volume  of  textbooks  in  order 
to  make  this  performance  specification  understandable  to  the  profession  that  must  use 
it.     I'm  speaking  from  some  experience  on  that;  there  are  others  who  might  have  a  difference 
of  opinion.     It  would  be  interesting  to  hear  if  any  of  you  do  have  some  thoughts  on  this. 

Lederer,   City  of  Detroit: 

I  think  that  the  history  of  performance  codes  has  been  one  of  starting  with  that  very 
important  aspect  in  mind  and  then  running  toward  specificity.     I  think,  though,  that  in 
many  areas  of  the  code  (and  once  again,  high-rise  is  a  good  example)   basing  as  much  as 
we  possibly  can  on  performance  to  begin  with  and  then  letting  the  experience  run  to  that, 
is  probably  the  best  way,  in  my  estimation,  to  develop  a  code,   if  it  can  be  done  that 
way.       I  recognize  that  many  of  us  come  from  practices  ( I  am  a  professional  engineer) 
for  which  the  problem  has  different  aspects  in  terms  of  how  to  approach  it.     It's  my  personal 
opinion  that  much  of  the  concern  about  performance  versus  the  building  official  specifically 
telling  the  engineer  what  he  wants  in  a  design  would  be  removed  if  we,  as  engineers,  would 
accept  more  responsibility  for  what  we  are  doing.     I  think  that  much  of  the  problem  that  we 
have  is  that  when  there  is  a  problem  -  when  there  is  trouble  -  the  degrees  of  responsibility, 
in  many  codes,  are  not  spelled  out  well  enough;   so  the  building  official   finds  himself 
under  a  great  deal  of  fire  along  with  the  engineer.   Consequently,  that  desire  for  specificity 
becomes  all  the  greater  and  it  comes  from  the  building  official  rather  than  from  the  engineer 
himself.     I  would  think  that  we,  as  engineers  and  as  architects,  would  want  to  encourage 
that  performance  aspect  so  that  the  innovative  ideas  we  can  put  into  effect  would  have 
more  ready  acceptance  by  the  building  official.     I  think  that  we,  ourselves,  are  to  blame 
for  not  assuming  more  of  the  responsibility  than  we  do  assume;  I'm  talking  as  an  engineer 
now. 
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Yorkdale,  Brick  Institute  of  America: 

You  mentioned  early-on  in  your  presentation  that  you  had  exempted  yourselves  in  ac- 
cordance with  sections  in  the  BOCA  Code,   from  the  Zone  1  area;   and  then  you  mentioned 
that  you  insist  on  (or  you  ask  for,  at  least)   a  minimum  reinforcement  in  masonry  walls. 
What  is  your  minimum  reinforcement  and  isn't  this  somewhat  of  a  dual  standard? 

Lederer: 

Yes,  it  is  a  dual  standard;   and  I  think  that  one  of  the  reasons  why  we  have  a  dual 
standard  is  because  officials,   like  many  of  them  here,  don't  find  themselves  confronted 
with  the  earthquake  resistant  problem  on  a  day  to  day  basis.  Our  problems  are  with  progressive 
collapse — are  with  what  happens  to  a  masonry  bearing  wall  if  there  were  an  explosion  in 
the  basement  or  if  a  truck  backs  into  it.     Consequently,  the  reinforcement  is  required 
not  because  of  our  concern  about  earthquakes,  but  because  of  the  other  concerns.     If  we 
were  considering  earthquakes  alone,  we  would,  as  I  say,  exempt  ourselves. 

Yorkdale: 

What  is  your  minimum  requirement;  do  you  recall? 
Lederer: 

No ,   I  don' t  recall . 
Yorkdale  : 

Is  it  up  to  the  two  tenths  of  a  percent? 

j 

Lederer  : 

Yes,   I  believe  it  is.  j 

5'c   -k  ^ 
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THE  RELATIONSHIP  OF  MODEL  CODES 
TO  SEISMIC  DESIGN 


Christ  T.   Sanidas,  Chief  Building  Official 
City  of  Memphis 


(Oral  Presentation  Only 
Followed  by  Discussion) 


DISCUSSION 

*    A    ;'c  A 

Cranston,  British  Cement  and  Concrete  Association: 

Obviously,   performance  must  be  related  to  the  quality  of  workmanship  exercised  during 
construction.     In  our  draft  British  Code  we  suggest  a  materials  safety  factor  of  3.5  for 
uninspected  masonry,   and  2.5  where  the  blocks  and  mortar  are  tested  during  construction. 
Do  you  lay  down  anything  in  your  codes  as  to  what  constitutes  an  adequate  check  on  work- 
manship, or  as  to  what  constitutes  adequate  inspection? 

Sanidas,  City  of  Memphis: 

With  regard  to  workmanship,   I  don't  recall  anything  in  our  codes.     Do  you  have  anything 
in  BOCA  regarding  workmanship? 

Yorkdale ,   Brick  Institute  of  America: 

Each  of  the  masonry  design  standards  has  a  requirement  for  inspection  of  workmanship 
or  else  there  is  a  reduction  of  stresses. 

Sanidas : 

Right,  you  mean  in  the  code  book;  but  not  for  seismic.     This  is  just  in  our  standard 

code . 
Yorkdale : 

Well,   it's   in  the  standard  for  masonry  design,  right. 
Sanidas : 

Well,   I  believe  it's  design  inspected  by  the  designer.     Am  I  correct? 
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Yorkdale : 

Correct,   or  his  representative. 

Sanidas  : 

But  as   far  as   the  code  goes,   specifically,   it  does  not  allow  the  building  official  to 
comment  on  workmanship  per  se .     They  have  been  very  careful  to  take  that  out  of  our  code 
in  the   last   few  years. 

Redmond,   National  Concrete  Masonry  Association: 

This   is  just  a  comment:     I  wanted  to  point  out  that  (while,  of  course,   the  housing 
will  be  predominantly  frame)  we  just  held  a  national  symposium  on  low  cost  concrete  masonry 
housing  in  Memphis   for  about  300  builders  and  they  were  quite  interested  in  it.     We  did 
tour  about   four  subdivisions  having  these  fiber  reinforced  surface  bonded  concrete  block 
masonry  homes  that  are  being  built  in  your  area. 

Sanidas  : 

In  this  on  the  foundation. 

Redmond : 

No,   I'm  talking  about  the  full  home.     Preco  Industries   is  heavily  involved  in  building 

them. 

Sears,  Veterans  Administration: 

I  hate  to  see  you  people  down  in  Memphis  downgrade  this  seismic  problem;  we  haven't. 
We  have  a  hospital  down  there  that   is  costing  us  about  twelve  million  bucks  to  rehabilitate. 
According  to  our  seismic  consultants.  Woodward  and  Lundgren,  you're  going  to  get  a  basic 
acceleration  of  about   .25  and  that's  worse  than  some  spots  in  California.     I  know  that 
you've  had  your  plague  and  your  fire  and  you  don't  want  any  earthquake,  but.... 

Sanidas : 

Actually,   all  of  the  federal  buildings  that  are  built  in  the  Memphis  area  and  also, 

I  believe,   out   in  Millington,    (our  naval  base  is  outside  the  city  limits  of  Memphis)  are 

using,   and  have  been  using  Seismic  Zone  3  design.     Only  federal  buildings  have  been  using 
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it,   though.     We  are,   presently,    for  Shelby  county,   proposing  a  30-million  dollar  criminal 
complex  within  the  city   limits  of  Memphis  and  the  designer  is  designing  it  for  basically 
Seismic  Zone  3  design;   basically  that  is.     Now,   I  don't  know  what   the  word  "basically"  means 
yet.     That's  also  the  case  that  we  have  with  one  of  our  new  hospitals:     basically,  it 
meets   the  Seismic  Zone  3  requirements,   but,   there  again,  because  we  don't  have  these  require- 
ments, we  don't  know  for  sure. 

Sears : 

You'll  know  for  sure  when  it  gets  there. 

Questioner: 

Aren't  you  near  the  New  Madrid  fault? 

Sanidas: 

Right,  we're  right  there. 

Questioner : 

Within  the  last  couple  of  years,   they've  had  a  pretty  good  size  earthquake. 
Sanidas : 

Yes,  we've  had  two  slight   tremors  in,   say,   the  last  four  or  five  years;  we  had  some 
cracks  and  some  windows  broken,  but  this  will  not  convince  a  lot  of  people.     Believe  it 
or  not,   it's  not  the  people  on  the  street,   the  general  public,   that  I've  been  talking 
to,  but  some  of  the  engineers,   and  they  just  feel  that  it's  economically  unfeasible  to 
go  into  seismic  requirements;   I  can't  understand  it.     Of  course,   the  fact  that  the 
professionals  are  not  really  for  it  is  something  that  surprises  me  personally.     So,  we're 
kind  of  going  out  on  a  limb  by  ourselves,    in  what  we  are  doing. 

Cole,  Structural  Engineers  Association  of  California: 

I'm  from  Sacramento  and  I  would  like  to  make  a  comment  about  your  statement  that 
nothing  can  be  as  bad  as  California.     We  say,   in  Sacramento,   that  we  can't  possibly  be  as 
bad  as  San  Francisco  and  Los  Angeles. 
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Sanidas  : 

I'm  sorry;   I  keep  forgetting  they  have  a  North  and  South  out  there  too! 

W.  Werner,  Department  of  Housing  and  Urban  Development: 

Since  HUD  is  receiving  such  attention  at  this  conference,   I  thought  I  would  discuss 
two  more  areas  that  HUD  is   involved  in.     This  question  of  performance  codes  has  come  up  a 
couple  of  times  and  I  would   like  to  throw  this  out   for  the  Working  Group  that's  involved 
in  performance  codes.     The  new  Minimum  Property  Standards  are  about  as  performance  oriented 
as  FHA  felt   that  they  could  go  at  the  current  state  of  the  art.     There  is  a  mix  of  per- 
formance and  some  prescriptive  requirements.       However  we  do  have  a  fourth  volume  to  the 
three-volume  MPS  set  which  is  what  we  refer  to  as   the  "Manual  of  Acceptable  Practice". 
We  see,   as  a  philosophy,   that  you  can  never  write  a  pure  performance  code;   that  you  are 
going  to  have  to  have  something  to  go  along  with  it.     HUD  has  deemed  to  call  it  the  "Manual 
of  Acceptable  Practice:   and  it  is   intended  for  use  when  that  builder  that  Dr.  Crist  is 
talking  about  walks   in  and  says,   "I  don't  know  anything  about  shear  walls".     He  picks  up 
the  "Manual  of  Acceptable  Practice"  and  it  shows  him  all  the  nailing  schedules  and  every- 
thing he  needs  to  know  to  build  his  house.     That  is  an  approach  to  performance. 

We  have  also  recently  signed  a  research  contract  with  Severud ,  Gruzen  and  Turner, 
of  New  York,    to  do  a  study  as  Mr.   Sanidas  has  suggested.     What  we  are  trying  to  do  is  to 
take  a  prototypical  building,    (one,   if  possible;    two,   if  we  have  to)  -  a  basically  typical 
rectangular  residential  apartment  building  layout  -  and  see  if  we  can  come  up  with  some 
credible  figures  on  how  much  it  costs  to  build,   going  from  Zone  1  to  Zone  2  to  Zone  3 
using  the  requirements  of  the  local  code,   the  Minimum  Property  Standards,   using  UBC  '73, 
and  in  two  cities,  UBC   '76.     That  project  has  just  begun  and  will  be  completed  in  June 
1977.     We're  not   looking  for  first  cost;  we're  not   looking  at  whether,   say,   steel  is 
cheaper  than  masonry  or  anything  like  this.     We're  looking  for  the  differential  when 
given:     I'm  going  to  build  a  building  in  a  Zone  2  area;   and  somebody  comes  in  and  says, 
"You've  got  to  build  that  building  to  a  Zone  3  requirement.     What's  the  delta  going  to 
cost"?     We're  doing  this  because  we  get  the  same  cost  impact  data  at  HUD:     from  2%  to 
100%.     Of  what,  we  don't  know. 
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Lederer,  City  of  Detroit: 

Chris,    [Sanidas]   I  just  wondered  if  you  would  elaborate  a  little  bit  on  it.     I  think 
both  try  to  approach  the  same  problem.     It's  just  that  we're  in  out-state  Michigan  where  . 

Sanidas  : 

Well,   this   is  where  we're  using  the  model  code  groups;  we  have  to.     This  is  where 
your  model  code  group,  whether  its  BOCA,   Southern,   or  ICBO,   is  called  upon  to  give  out 
information.     This   is  where  we're  getting  the  model  code  groups  involved.     It's  just  re- 
cently that  we've  started  putting  out  certification  of  inspectors  which  is  not  a  local  but 
a  national  thing.     This   is  where  your  three  code  groups  are  getting  together.  You're 
having  a  lot  of  this   that's  going  to  have  to  be  worked  out  by  the  model  code  groups.  I 
look  to  them  whenever  I  have  a  problem.     I'm  sure  that  whenever  you  have  a  problem  you 
get  on  your  WATS   line  to  BOCA;   I  get  on  my  WATS   line  to  Standard;   and  we  say,    "We  have  a 
problem".     I  think  what  we'll  end  up  doing  is  maybe  having  the  three  code  groups  come 
up  with  something  like  this  because,   locally,  we  have  nothing.     There's  no  one  that's 
going  to  do  this  type  of  thing  for  nothing  of  course.     For  example  we've  got  this 
research  project  (I  forget  what  is  cost  us  -  forty,   fifty  thousand  dollars)  as  to 
whether  or  not  we're  in  a  seismic  risk  area.     The  reports  are  up  there  on  the  shelf 
gathering  dust  for  two  years.     It  was  a  good  thing  going;    it  hit  the  papers  for 
a  while;   and  then  it  stopped.     That's  it;    lost  all   interest  in  it.     Now  of  course, 
we're  fortunate  that  we  have  a  newspaper,   locally,   that  has  put  several  very  good 
articles   in  their  paper  regarding  seismic  problems  and  that  we're  on  the  New  Madrid 
fault  and  trying  to  explain  it.     But  we  don't  want  to  scare  the  citizenship;  that's 
the  worst  thing  in  the  world  that  could  happen  -  over reac t ion .     So,   you  try  to  play 
these  things  down.     You  don't  try  to  take  advantage  of  them  when  you  have  a  little 
tremor  and  say,   "Look,   here  it   is;   here's  a  little  tremor;  we're  going  to  hit  this 
thing  hard  now".     Well,  we  don't  want  to  do  that  because  then  you  have  overreac t ion ; 
and  as  a  building  official  you  know  that  sometimes  overreaction  is  worse  than  no  reaction. 
If  we  get  too  much  of  a  reaction  we  get  something  we  can't  enforce  and  then  we're  left 
holding  the  bag.     So,  what  you're  talking  about  is  what  we'd  like  to  have  -  pamphlets 
and  any  information  and  things   like  this;   not  only  to  the  building  officials  but  to  the 
builders,   the  architects  and  the  engineers.     We  have  a  lot  of  good  engineers  in  the  Memphis 

253 


area  that  design  work  in  California,  don't  get  me  wrong,   but  then  we  have  some  that  don't; 
and  you  know,   I  don't  want  to  knock  any  engineers,  but  let's  face  it,  when  I  graduated 
from  college  in  engineering,   "Throw  in  your  safety  factor  for  seismic"  was  the  extent 
of  it.     I  mean,  your  colleges  don't  put  it  out  either.     We're  talking  about  those 
of  us   that  are   in  the  profession  now.     What  about   the  guys   that  are  coming  up  out  of 
school?     This  needs  to  be  put  into  the  schools  also.     You  have  your  structural  engineers 
and  your  soil  engineers;   they're  getting  the  same  education,   I  guess,   that  I  got.  Seismic 
design  was  something  that  really  was  just  passed  over,   lippened  like.     Maybe  that's  where 
we  need  some  help,   too,   because  there  are  a  lot  of  young  fellows  coming  out  of  college  right 
now.     I  know  that  we've  got  a  lot  of  young  fellows  here  (they're  young  compared  to  my  age) 
that  are  sharp  in  this  stuff  but  that's  because  they're  on  the  West  Coast.     That's  where 
all  of  this  work  is  being  done.     There's  not  so  much  of  it  on  the  East  Coast  or  in  your 
area  or   in  m)'  area.     So,   I  think  that  maybe  we  need  to  bring  some  of  that  knowledge  into 
our  colleges  too,  not  just  for  us,  but  the  future  generation  coming  up. 

Sears,  Veterans  Administration: 

It  seems  as   though  the  basic  problem  you're  talking  about  is  this.     The  structural 
engineer  gets  about  three  quarters  of  one  percent  of  the  total  job  cost;   is  that  right? 
He  has   to  operate  within  that  cost;   this  is  what  we  find  at  VA.     If  you  tag  on  a  seismic 
analysis  and  design  within  that  three  quarters  of  one  percent  it  comes  out  of  his  pocket, 
doesn't  it? 

,1. 

Sanidas : 

I  would  assume  so.     See,   that's  where  you  hit  economics;    it's  just  like  it  is  with 
the  building  department.     If  we  adopt  seismic  we're  going  to  have  to  enforce  it. 

Reid,   U.S.  Air  Force: 

I'll   just  make  a  fast  comment  on  that   last  comment.     As  you  know,  we're  limited  in 
AE  design  fees  to  six  percent  of  the  estimated  cost  of  construction;   but  that  does  not 
include  other  things  that  are  necessary  for  the  design,   such  as  topographic  surveys,  and 
water  surveys.     We  have  interpreted  this  in  many  cases  as  being  for  seismic  analysis. 

•k    ^    -k  "k 
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SOME  RESEARCH  NEEDS  OF  EARTHQUAKE-RESISTANT  MASONRY 


James  E,  Amrhein 
Director  of  Engineering 
Masonry  Institute  of  America 

Abstract 

This  paper  outlines  in  general  terms  many  specific  needs  of  the  masonry  industry  to 
obtain  information,   establish  performance  parameters,   improve  the  final  product  and 
develop  design  criteria.     It  points  up  the  many  areas  where  information  is  lacking  as 
related  to  dynamic  seismic  performance  and  reliability. 

Key  Words:     Anchor  bolts;  bond;  damping;   ductility;  earthquake  resistance;  energy  absorp- 
tion; modulus  of  elasticity;   partial  reinforcing;  risk;   shear  modulus;   testing;  ultimate 
strength. 

The  Masonry  Institute  of  America  is  a  trade  organization  which  is  supported  by 
the  mason  contractors  of  Los  Angeles  County.     This  paper  presents  a  few  ideas  that 
are  important  to  this  group.     The  mason  contractors,   along  with  architects,  engineers, 
owners,  and  building  officials,  want  earthquake-safe  buildings.     They  are  concerned 
with  safety  and  structural  performance  because  the  failure  of  a  masonry  building  in  an 
earthquake  is  a  tragic  event  for  people  and  the  industry. 

The  Masonry  Institute  of  America  and  similar  organizations  actively  and  continually 
support  research  programs   in  many  ways.     They  furnish  materials,   build  specimens, 
contribute  money,   and  provide  technical  assistance  and  advice  to  further  the  knowledge 
of  masonry. 

There  are  numerous  areas  of  concern,  and  the  following  lists  a  few. 

1.     The  first  concern  is  to  keep  relatively  simple  the  code  requirements  and  the 
method  of  masonry  design.  Design  procedures  that  are  so  complex  and  restrictive  that 
one  has  to  be  a  genius  to  use  them  are  not  wanted.  Criticism  has  been  leveled  at 
the  ACI  318  Concrete  Building  Code  for  being  too  difficult  to  use  and  the  ACI  committee 
has  been  working  to  simplify  it.  The  input  of  loads,  particularly  seismic  loads,  are 
unknown  and  very  variable,   therefore,   extreme  precision  and  complex  involved  engineering 
is  of  questionable  value  and  should  be  minimized, 
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2.  There  is  a  need  for  a  comprehensive  ultimate  strength  method,   or  as  I  call  it. 
Capacity  Design.     We  need  to  know  the  resisting  capacity  of  masonry  structures  to  all 
forces,    such  as  seismic,    shear,    flexural,   etc.     There  must  be  realistic  load  factors  and 
factors  of  safety.     Right  now  the  factors  of  safety  vary  from  less  than  two  to  perhaps 
ten,   depending  on  the  stress  or  load  considered.     These  should  be  brought  more 

into  compatible  agreement. 

3.  It  is  suggested  that  there  be  developed  principles   for  structural  backup 
systems  as  in  aero-space  design.  Why  not  design  buildings  with  multiple  paths 

of  failure  and  with  redundant  systems.  This  need  not  be  difficult,    for  it  can  be 
as  simple  as  coupled  shear  walls,   similar  to  the  Bank  of  America  building  which  per- 
formed so  well  in  the  Managua  earthquake  of  December,  1972. 

4.  There  is  a  need  to  know  the  parameters  for  energy  absorption,  ductility  and 
damping  both  in  the  elastic  and  inelastic  range  and  to  be  able  to  apply  these  to  the 
design  of  masonry  buildings. 

5.  What   is  the  stress  and  strain  relationship  between  materials   for  individual 
components  and  assemblies  of  these  components   for  both  static  and  dynamic  conditions? 
What  if  high  strength  grout  is  used  with  low  strength  block,   or  high  strength  brick  used 
with  low  strength  mortar  and  grout? 

6.  What  is  the  actual  modulus  of  elasticity?     Shear  modulus?     Poissons  ratio? 
What   is  the  influence  of  the  a/d  aspect  ratio  on  the  performance  of  walls?     What  is 
the  effect  of  reinforcing?     Can  masonry  systems  be  effectively  prestressed  to  improve 
their  seismic  resistance? 

7.  Let's  be  realistic  in  laboratory  and  job  tests  and  material  requirements. 
Mortar  tests  as  per  ASTM  are  fine  for  testing  the  cement,   but  they  do  not  provide 
information  as   to  the  performance  or  influence  of  mortar  in  a  structural  wall.  Prisms 
are  an  indicator  of  compressive  strength,   but  they  must  be  representative  of  the  actual 
masonry  wall  strengths.     Is  compression  strength  the  gauge  by  which  we  should  measure 
the  capability  of  masonry  to  resist  earthquake  forces?     Perhaps  a  splitting  tensile 
test,   a  bond  shear  test  or  a  tension  test  would  be  more  indicative  of  the  qualities 
required  for  seismic-resistant  masonry  walls. 
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8.  The  use  of  so-called  partially  reinforced  walls  as  a  viable  system  to  be 
used  in  some  areas  must  be  developed  further.  This  can  be  particularly  useful  in 
one-story  residential  housing. 

9.  There  have  been  excellent  results  obtained  by  using  perforated  plates   in  the 
mortar  joints  to  provide  confinement  and  improve  ductility  and  performance.  More 
research  is  needed  to  define  areas  of  application  for  this  method. 

10.  There   is  a  need  for  uniformity  of  masonry  materials  and  workmanship.  Quality 
control   is  a  necessary  feature  for  any  construction  material  and  system  that  seeks 
confidence  and  credibility. 

11.  There  is  a  need  to  improve  bond  strength,   both  bond  of  mortar  to  the  masonry 
unit  and  bond  of  grout   to  the  masonry  unit,   so  that  the  masonry  wall   is  a  homogeneous 
e lement • 

12.  What  are  the  minimum  and  maximum  amounts  and  sizes  of  steel  that  are  functional? 
How  about  bundling  bars  as  in  concrete;   is  this  effective  for  masonry? 

13.  Information  must  be  obtained  on  the  capacity  of  anchor  bolts,   joist  anchors 
and  connections,   and  this  must   include  all   types  of  floor  and  roof  diaphragm  systems  for 
both  static  and  dynamic  conditions. 

14.  Structural  engineers  have  been  espousing  the  benefits  of  flexible  frames  as 
the  way  to  build  to  resist  earthquakes,   but  then  these  frames  are  becoming  stiffer  and 
stiffer.     I  have  held  that  shear  walls  or  stiff  buildings  are  the  best  way  to  resist 
earthquakes  with  minimal  damage.     I  would  like  to  see  credit  given  to  shear  wall 
buildings   in  the  form  of  lower  earthquake  insurance  premiums,   and  the  shear  wall  given 
a  preferred  status   in  the  design  and  construction  of  buildings.   Stiff,   infilled  frame 
buildings  perform  better  than  flexible  frame  structures,   as  shown  in  tests  conducted 
at  the  University  of  California,  Berkeley. 

15.  There  is  a  need  for  a  viable  method  of  equating  risk,    life  of  structure, 
seismicity  and  probability  of  event  to  provide  a  design  parameter  that  is  realistic. 
This  may  have  to  be  arrived  at  with  the  aid  of  the  seismologist,  geologist,  engineer, 
owner,   and  building  officials.     We  need  a  minimum  requirement  for  personal  public  safety. 
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but  how  much  more  should  be  provided  either  voluntarily  or  mandatorily? 

16.  We  need  to  keep  an  open  mind  to  all  methods  of  construction  and  materials 

so  that  the  engineer  and  masonry  contractor  have  the  freedom  of  innovation  and  invention. 
Accordingly,  height  limits  or  size  restrictions  placed  on  masonry  buildings  and  walls 
are  in  serious  question. 

17.  There  is  a  desperate  need  for  a  communication  vehicle  that  will  keep  all  of  us 
informed  on  what  has  been  done,  what   is  being  done,   and  what  must  be  done.     We  need 

an  "American  Concrete  Institute,"   for  masonry,   say,   an  "American  Masonry  Institute" 
or  a  "Masonry  Research  Council."     With  an  organization  such  as  this,   all  interested 
people  would  keep  informed  and  be  able  to  help  extend  the  knowledge  of  masonry.  Such 
an  organization  would  be  of  tremendous  benefit  for  literature  surveys  and  help  disseminate 
masonry  knowledge. 

These  are  just  a  few  suggestions  concerning  the  interests  of  the  California  masonry 
contractor  as  related  to  earthquake-resistant  masonry  design  and  construction. 
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ABSTRACT 

The  purpose  of  this  paper  is  to  present  a  brief  overview  of  needs  believed  necessary 
to  improve  the  resistance  of  masonry  construction  to  earthquake  forces. 
KEY  WORDS 

Allowable  bolt  loads,  end  distance,  edge  distance  and  spacing;  high  lift  grouting; 
veneer  anchorage;   face  shells,   reinforcing  splices;   drift;   shotcrete,  surface  wave 
instrumentation. 
APPLIED  RESEARCH 

The  need  for  additional  research  on  several  items  is  suggested  here  which  should  lead 
to  a  better  understanding,  proper  design,  and  improved  construction  techniques,  all  of 
which  will  lead  to  improved  performance  of  masonry  structures  during  violent  earh- 
quake  motion.     The  suggestions  made  are  a  result  of  observation  of  the  performance 
of  actual  buildings  subjected  to  such  loads,  and  the  observation  of  in-the-field 
construction  and  quality  control  of  buildings. 
BOLT  DESIGN  AND  INSTALLATION  CRITERIA 

There  are  innumerable  field  examples   (1,2)   showing  that  bolts  cast  in  masonry 
construction  perform  rather  poorly  during  earthquakes.     Examples  are  shown  in 
Figures  1  and  2.     There  are  little  basic  data  available  in  the  literature  relative 
to  the  strength  and  displacement  characteristics  and  the  installation  techniques 
required  to  properly  design  and  construct  bolted  connections  in  masonry.  Briefly, 
information  is  needed  on  bolts  in  various  types  and  strengths  of  commonly  used 
masonry  construction;   the  effect  of  bolt  size,  and  embedment;   the  influence  of  the 
bolt  head;   the  minimum  edge  distance  of  grout  and  masonry,  edge  distance  and  spacing 
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for  lateral  load  transfer;    the  depth  requirements  for  withdrawal   loads;   the  performance 
of  bolts  placed  on  the  top  of  the  wall,  column  or  pilaster,  compared  to  placement  in 
the  face  of  the  wall  or  pilaster;   influence  of  installing  bolts  within  reinforcement 
ties,   reinforcing  bar  hook     bends,   hair  pins  or  other  means;   the  influence  of 
reinforcing  within  the  wall  particularly  at  the  corners;   and  the  influence  of  the 
effect  of  thickness  and  stiffness  of  material  delivering  the  load  to  the  bolt,  i.e., 
the  comparison  of  a  thick  wood  plate  and  a  thin  steel  plate  delivering  load  to  the 
bolt. 

HIGH  LIFT  GROUTING 

To  obtain  competent  reinforced  grouted  masonry  construction  the  grout  must  be  properly 
placed.      In  the  high-lift  grouting  technique  this  requires   the  proper  slump  of  the 
grout,  proper  placement  of  the  grout  including  depth  of  layer  and  consolidation,  and 
especially  the  proper  reconsol idation  of  the  grout.     Examples  are  shown  in  Figures  3 
and  4.     Variables  for  proper  placement  are  ambient  temperature,  relative  humidity, 
thickness  of  grout  space,  and  mix  of  the  grout  including  any  admixtures.     All  of 
these  variables  should  be  explored  and  the  limits  and  controls  should  be  established. 
The  high  lift  grouting  construction  techniques  should  be  encouraged. 
MASONRY  VENEER  SUPPORT  AND  ANCHORAGE 

Masonry  veneer  such  as   that  shown  in  Figure  5,   is  frequently  shaken  from  walls 
during  earthquakes    (3).     Codes  contain  requirements  for  veneer  anchorage  yet  there 
has  been  little  or  no  research  on  this  problem  to  determine  exactly  how  masonry 
veneer  should  be  constructed  and  the  influence  of  the  various  parameters  involved. 

The  anchorage  resistance  for  inward,   outward  and  inplane  loads  of  walls  supporting 
masonry  veneer  as  well  as  mortar  joint  reinforcing  must  be  investigated.     Some  codes 
will  allow  inplane  load  resistance  in  the  veneer,   others  will  not.     The  required 
stiffness  and  materials  of  construction  of  the  wall  for  loads  acting  perpendicular 
to  the  wall  supporting  the  masonry  must  also  be  determined.     The  influence  of 
shrinkage  of  wood  framing  providing  lateral  support  should  also  be  considered  in 
the  investigation. 
VERTICAL  REINFORCING  SPLICES 

Heavy  cracking  and  thus  failure  of  corners  or  ends  of  masonry  shear  walls  is 
frequently  observed  in  earthquakes    (4).     An  example  is  shown  in  Figure  6.  There 
is  a  strong  possibility  that  such  damage  results  from  lack  of  proper  perimeter 
reinforcing  splices  and  grout  coverage  of  the  bars.     Such  cracking 
or  failure  is  the  start  of  serious  failure  of  shear  walls.     It  is  a  common  belief 
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that  the  perimeter  reinforcing  must  be  adequate  to  prevent  the  initial  formation 
of  cracks  through  the  wall  because  such  cracks  greatly  reduce  the  shear  strength 
of  the  remaining  length  of  wall.     Current  codes  require  the  perimeter  bars  of 
concrete  shear  walls  to  be  spliced  within  confining  type  reinforcement.  Such 
construction  should  be  investigated  for  masonry  construction.     Also  the  minimum 
amount  of  coverage  of  grout  and  the  influence  of  the  compressive  strength  and 
composition,   i.e.   size  of  aggregate  of  the  grout  must  be  considered. 
CONCRETE  BLOCK  FACE  SHELLS 

It  is  common  to  see  the  face  shells  of  concrete  block  fill  cell  construction  fail 
and  fall  from  walls  from  earthquake  motion,    (4)   i.e.   the  face  shells  are  not 
properly  bonded  to  the  grout  core  as  shown  in  Figure  7.     Face  shells  also  fall 
off  when  cores  are  cut  through  the  walls  as  required  by  some  codes  to  determine 
workmanship  and  quality.     The  use  of  an  expansive  admixture  tends  to  reduce  this 
type  of  failure  in  cores  and  is  highly  recommended  by  several  code  enforcing  agencies. 
Some  means,  perhaps  through  the  use  of  admixtures  and  improved  construction 
techniques,   should  be  developed  to  alleviate  this  hazard  to  the  public  and  strength 
reducing  condition. 

When  quality  and  workmanship  cores  are  taken  and  the  face  shells  fall  off,  the 
engineer  must  justify  the  strength  of  the  wall  for  loads  acting  perpendicular  in 
one  of  two  ways.     One  assumption  is  by  considering  only  the  grout  core  and  the  other 
by  assuming  the  face  shells  act  to  resist  the  compressive  bending  stress  and  the 
"horizontal  shear"  due  to  the  bending  stress  is   transferred  through  the  web  of 
the  block  to  the  reinforcing  through  the  sides  of  the  webs  of  the  block,   this  latter 
assumption  is  to  the  advantage  of  the  analysis  and  is   the  one  commonly  proposed. 
This  method  of  analysis  should  be  justified  by  test. 

DIAPHRAGM  CORNERS 

It  has  been  very  obvious  that  the  diaphragm  areas  within  the  corners  of  various 
types  of  diaphragms   lead  to  upward  buckling  failure  of  the  diaphragm  material  and 
the  wall  anchorage   (2).     Several  cases  were  observed  in  1971  San  Fernando  Earthquake 
damage.     One  is  shown  in  Figure  8.     This  same  "local"  condition  is  observed  in  larger 
stale  diaphragm  tests  and  was  repeatedly  shown  in  many  commercial  buildings.  In 
almost  all  large  diaphragm  tests  the  corner  areas  of  the  diaphragm  will  bulge  upward 
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from  the  framing  and  thus  initiate  the  diaphragm  failure.     In  some  tests  the  corner 
framing  also  uplifts.     There  also  appears  to  be  an  influence  from  the  continuous 
corner  stiffness  of  the  masonry  or  other  type  wall  construction.     It  is  suggested 
that  the  influence  of  the  rotational  stiffness  of  the  walls  and  of  the  intersecting 
walls  be  investigated  and  an  evaluation  relating  to  the  stiffness  of  the  roof 
diaphragm  be  thoroughly  investigated. 
VERTICAL  CRACKS   IN  WALLS 

Although  vertical  cracks  do  not  necessarily  form  as  a  result  of  earthquake  motion, 
there  has  been  a  rather  large  number  of  instances  where  vertical  cracks  have  formed 
in  concrete  block  solid  grouted  walls  shortly  after  the  wall  has  been  constructed. 
Provided  there  is  proper  reinforcing  both  horizontally  and  vertically  within 
the  walls,   there  is  little  concern  for  the  structural  strength  as  evidenced  by 
analysis  of  this  problem.     The  owners,  however,  do  not  feel  that  the  walls  of 
their  new  buildings  should  permit  free  water  infiltration  through  the  walls  into 
the  building. 

Possible  reasons  for  such  cracking  should  be  investigated.     It  may  be  due  to 
shrinkage  of  the  grout,   low  tension  strength  of  the  block,  moisture  shrinkage 
characteristics  of  the  block,  moisture  content  of  the  block  at  the  time  of  construction 
and  water  content  of  the  grout. 
DRIFT 

Improper  consideration  of  drift  leads  to  excessive  property  damage  and  public 
hazard.     This  results  in  serious  structural  architectural,  mechanical  and  electrical 
damage.     It  is  critical  to  the  proper  performance  of  masonry  structures,   as  well 
as  all  forms  of  construction,   that  dependable  analytical  means  be  provided  to  de- 
termine the  actual  expected  drift  displacement  to  prevent  structural  and  non- 
structural damage  from  seismic  and  wind  loading.     Methods  of  analysis  of  drift 
of  masonry  construction  must  be  developed. 
GUNITE  RETROFIT  (RECONSTRUCTION) 

The  gunite  or  shotcrete  rehabilitation  or  retrofit  technique  of  existing  masonry 
construction  should  be  investigated  and  evaluated  to  provide  design  and  construction 
procedures  to  properly  resist  lateral  loads.     This  technique  of  construction  has 
been  employed  for  many  years  in  rehabilitating  California  schools,  however,  no 
positive  means  of  justifying  the  design  assumptions  and  analysis  has  been  presented 
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to  the  design  sector  and  regulatory  agencies.     Several  school   buildings  constructed 
prior  to  1933  and  rehabilitated  under  the  provisions  of  Section  T21-2422  "Use 
of  Existing  Masonry"   in  Title  21,   California  Administrative  Code,    (See  Appendix  A) 
were  exposed  to  the  1971  San  Fernando  Earthquake  and  performed  reasonably  well. 
Unreinforced  masonry  walls  were  gunited  and  reinforced  to  meet  these  provisions  and 
no  cracks  or  failures  were  noted  in  these  walls  after  the  quake.  Unreinforced 
masonry  wall   school  buildings  which  had  not  yet  been  rehabilitated,  but   located  on 
the  same  site  did  suffer  rather  extensive  damage  and  were  abandoned  and   later  de- 
molished after  the  quake. 

This  rehabilitation  or  retrofit  technique  is  being  used  more  frequently  by  many 
groups  throughout  the  United  States  and  will  be  used  by  a  great  number  in  the  future; 
therefore,    it  deserves  much  more  investigation  to  establish  allowable  design  and 
recommended  construction  techniques. 
SURFACE  WAVE  EARTHQUAKE 

Although  not  solely  a  "masonry"  problem  it  is  suggested  that  firm  efforts  be  made 
to  study  short  length  "surface"  waves  frequently  reported  by  observers  during 
earthquakes.     Such  waves  are  always  reported  by  the  local  observer  but  no  scientific 
or  applied  engineering  techniques  are  available  to  shed  light  on  this  problem. 
Short  surface  waves  can  better  explain  some  of  the  great  damage  to  adobe  and  other 
masonry  construction.     For  example,   two  different  priests  at  two  different 
school  sites  in  Chimbote,    (5)   Peru  in  1970  reported  to  this  author  that  they  saw 
surface  waves  six  to  twelve  feet  between  crests  and  six  to  twelve  inches  in  height 
progress  rapidly 'across   their  school  yards  during  the  earthquake.     At  one  site 
the  soil  was  almost  pure  sand  located  several  hundreds  of  feet  above  the  surface 
of  the  ocean  and  was  without  any  visible  indication  of  water.     Here  the  wave  lengths 
were  about  twelve  feet  between  crests.     At  the  other  school  site  the  surface  water 
was  only  about  three  feet  below  the  surface  of  the  sandy  soil  and  the  waves  were 
shorter . 

It  is  suggested  that  arrays  of  accelerometers  be  variably  spaced  starting  at  say 
three  feet  on  centers  and  progressing  to  one  hundred  feet  on  centers,   tied  with 
a  common  timing  device  and  installed  on  various  soil  conditions. 
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Figure  1     If  the  vertical  trim  bars  were  bent  horizontally  under  beam  or  if  a 
horizontal  hairpin  bar  were  placed  around  the  bolts  this  damage  may  be  alleviated. 


Figure  2  Horizontal  ties  around  the  bolts  may  alleviate  this  damage  and  increase 
their  strength. 
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Figure  3     Section  of  improperly  consolidated  high  lift  reinforced  grouted  brick 
masonry  wall.     Wall  has  been  rotated  on  its  side  and  saw  cut  for  visual  purposes. 
Note  the  separations  within  the  grout  space. 
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Figure  5     Masonry  veneer  was  shaken  from  this  concrete  block  wall. 


Figure  6     Studies  of  proper  perimeter  bar  splices  in  masonry  walls  should  be  made. 
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Figure  7  Investigations  are  needed  to  improve  bonding  the  face  shells  of  concrete 
block  to  the  grout  core.     Note  the  horizontal  pour  joint  in  the  grout  cores. 


Figure  8  The  influence  of  the  corners  of  masonry  walls  on  the  performance  of 
horizontal  diaphragms  should  be  examined. 
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APPENDIX  A 

T21-2422.  Use  of  Existing  Masonry.  (a)  General.  Existing  masonry  which  does 
not  meet  the  requirements  for  reinforced  grouted  masonry  shall  not  be  used  for 
structural  purposes. 

(b)  Method  of  Repair.     Gunite  or  concrete  structural  systems  may  be  used  to  strengthen 
existing  masonry  which  does  not  comply  with  the  requirements   for  reinforced  grouted 
masonry.     Such  masonry  shall  be  relieved  of  stress  by  the  gunite  or  concrete,  except 
that  it  may  be  assumed  to  carry  its  own  weight  vertically. 

(c)  Gunite  or  Concrete  Method  of  Strengthening. 

(1)  Ribs  or  minor  columns  of  gunite  or  concrete  may  be  incorporated  into  existing 
masonry  to  support  vertical  loads  and  lateral  forces  normal  to  the  wall.     The  width 
of  the  chases  cut  into  the  masonry  to  form  the  ribs  shall  be  at  least  Ih  times 

the  depth.     Concrete  or  gunite  membranes  between  the  ribs  may  be  used  to  resist 
shear  in  the  plane  of  the  walls  due  to  lateral  loads.     The  thickness  of  the  membrane 
shall  be  not  less  than  one  twenty- fourth  of  the  clear  distance  between  the  ribs  or 
minor  columns  and  in  any  case  not  less   than  that  required  by  Chapter  26. 

(2)  A  membrane  will  be  required  where  ribs  or  minor  columns  are  more  than  5  feet 
apart  in  the  clear.     Where  less  than  5  feet  apart  in  the  clear  a  membrane  will  be 
required  unless  the  ribs  extend  to  the  far  tier  of  masonry. 

(3)  There  shall  be  a  rib  or  minor  column  within  at  least  two  feet  of  each  vertical 
edge  of  each  opening  in  the  wall  where  there  is  a  membrane,  but  where  there  is  no 
membrane  there  shall  be  a  rib  or  minor  column  at  each  vertical  edge  of  each  opening. 

(4)  If  a  gunite  or  concrete  membrane  is  placed  against  only  one  side  of  a  unit 
masonry  wall,   the  gunite  or  concrete  membrane  shall  be  in  contact  with  the  far  tier 
of  the  unit  masonry  at  not  less  than  one  point  in  any  rectangle  4  feet  wide  and 

3  feet  high.     The  area  of  such  contact  shall  be  not   less  than  64  square  inches. 
Exception  I:    If  continuous  ribs  or  minor  columns  are  provided  not  more  than  five 
feet  apart  which  extend  through  to  the  far  tier,   intermediate  contact  points 
may  be  omitted. 

Exception  II:  Where  the  membrane  is  in  contact  with  header  courses  that  extend  to 
the  far  surface,  where  such  header  courses  are  spaced  not  farther  apart  than  every 
sixth  course  and  headers  are  spaced  not  more  than  12  inches  apart,  intermediate 
contact  points  may  be  omitted. 
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(5)  Where  such  walls  are  in  contact  with  reinforced  concrete  or  gunite  columns, 
beams,  or  walls,   the  concrete  or  gunite  portion  of  such  walls  shall  either  be 
constructed  integrally  with  the  abutting  columns,   beams  or  walls,   or  key-ways 
shall  be  provided  to  resist  the  design  forces. 

(6)  Surfaces  against  which  gunite  is  to  be  deposited  shall  be  prepared  in 
accordance  with  Section  T21-2621[h). 

Surfaces  against  which  concrete  membranes  are  to  be  placed  shall  be  prepared  as 
prescribed  for  gunite,   and  in  addition  joints  at  the  header  courses  in  brickwork 
shall  be  raked  back  '2  inch.     The  height  of  each  pour  and  of  each  lift  of  forms 
shall  not  exceed  9  times  the  thickness  of  the  membrane. 

(7)  Ribs  supported  laterally  by  gunite  membranes  shall  be  reinforced  with  not  less 
than  two  #5  bars.     Other  ribs  shall  be  reinforced  with  a  minimum  of  four  #5  bars. 
Ribs  shall  have  #3  ties  at  9  inches  on  centers  and  shall  have  one  #6  dowel,  top  and 
bottom,  where  ribs  frame  into  the  existing  concrete  construction.     The  membrane 
shall  be  reinforced  with  not  less  than  #3  bars  18  inches  on  center  each  way. 
Dowels  shall  be  provided  to  existing  concrete  construction  where  shear  is 
transferred.     Dowels  shall  be  equivalent  in  area  to  the  reinforcing  and  spaced  not 
more  than  36  inches  on  center. 
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DISCUSSION 

A    *   it  * 


Amrhein,  Masonry  Institute  of  America: 

Jack,  I'd  like  to  ask,  how  many  people  lost  their  lives  at  Juvenile  Hall   [Los  Angeles 
County] ? 

Meehan,   State  of  California: 

I  don't  believe  there  were  any  lives  lost  there. 

Amrhein : 

So,   therefore,   the  structures  performed  at  least  to  that  degree.     Then  we  ask:  What 
was  the  level  of  earthquake,   and  what  level  were  the  structures  designed  for?  How  many 
structures  failed?  How  many  masonry  failures?  How  many  failures  where  the  masonry  face 
shells  fell  off?  I  ask,   "Doesn't  everything  eventually  fail?"     Perhaps  this  was  the  earth- 
quake that  caused  that  kind  of  failure  (of  face  shells  spalling)   but  yet,   in  my  opinion, 
that  school  performed  well  because  nobody  lost  his  life.     So,   to  what  level  are  we  going 
to  ensure  no  damage  to  the  structure?     Now,   I  go  along  with  you,  we  have  to  keep  improving 
(I'm  not  trying  to  say  we  don't)   and  every  time  we  get  a  problem  let's  try  to  improve 
on  it.     But,   I  think  that  somewhere  along  the  line  we  should  ask,  when  does  it  become 
economically  limiting? 

Meehan : 

Of  course,   I  can't  answer  that  question.     It  is  true  that  not  very  many  people  were 
killed  in  San  Fernando.     The  time  of  day  has  great  influence  on  the  death  toll.     On  the 
other  hand,  there  was  a  great  deal  of  repair  work.     Are  you,  the  engineer  -  are  you, 
the  architect,  -  are  you,   the  public  -  are  you  satisfied  with  that  performance?  Maybe 
that  time  nothing  happened  from  that  particular  earthquake,  but  that  does  not  assure 
that  damage  will  not  occur  in  the  next  one.     So,  you  can't  put  all  of  your  judgement 
on  one  side;   you  must  look  at  both  sides.   I  think  that  much  can  be  done  in  earthquake 
resistant  design  by  proper  layout.     You  can  save  a  lot  of  money  in  an  earthquake  resistant 
design  by  proper  layout.     There  are  studied  cases,   in  which  the  increase  in  cost  for 
earthquake  resistance  is  zero  with  the  proper  design,  and  which  meet  the  code. 
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Sear,  Veterans  Administration: 

You  mentioned  deflections.     It  seems  like  the  VA  Code  is  one  of  the  few  that  really 
controls  deflections,  but  we  have  a  serious  problem.     For  steel,   you  know  the  modulus  of 
elasticity  (pretty  close);   for  reinforced  concrete,  well,  you're  a  little  farther  away,  but 
still  get  deflections.     I  mentioned  earlier  that  when  we  went   from  the  diamond  specimens 
to  the  circular  specimens  for  our  strength  tests  we  dropped  our  cost,  but  we  also  dropped 
one  other  piece  of  information  off  that  was  kind  of  valuable.     We  could  get  the  modulus 
of  elasticity  of  the  assemblage  out  of  those  diamond  one  and  a  half  foot-square  specimens; 
we  can't  do  that  with  the  circular  specimens.     In  order  to  get  deflections,  you  have 
to  know  something  about  the  stiffness  of  a  wall;   and  in  order  to  know  something  about 
the  stiffness  of  the  wall,  of  course,  you  have  to  know  the  modulus  of  elasticity  or 
some  property  like  that.     That,   to  me,   is  an  area  that  would  really  be  interesting  - 
for  us,   anyway,  probably  for  you  too,   -  because  you  really  want  to  control  deflections 
I'm  sure. 

Meehan: 

I  agree. 

Questioner : 

(Directed  unrecorded  question  to  Hegemier.) 

Hegemier ,  University  of  California,   San  Diego: 

Let's  see,  you  had  several  questions:     Are  we  measuring  deflections?     The  answer  is  yes. 

Questioner : 

Do  you  have  a  way  of  evaluating  that  and  putting  it  into  use?     You're  measuring  now;  do 
you  have  means  of  using  that  so  we  can   .    .  . 

Hegemier : 

Well,  one  thing  at  a  time;  we're  conducting  tests  on  these  materials.     We're  in  the 

process  of  measuring  the  moduli  of  the  materials;   and  in  the  process  of  coming  up  with  the 

moduli,  you  are,  of  course,  measuring  deformations.     Now  there  are  several  problems:  first 
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of  all,  these  materials  are  nonlinear;   so  you  have  to  make  some  decision  as  to  what  you  mean 
by  a  modulus.     But,  yes,  we're  measuring  deformations;   and,  hopefully,   in  the  near  future, 
we'll  be  able  to  provide  useful  design  information  along  these  lines.     Moduli  vary,  by  the 
way,  depending  on  the  size  of  the  specimen.     There's  a  scale  effect  that  we   found  (I'm 
talking  now  about  concrete  masonry)   that  is  considerable,   involved  here.  Also,  it's 
not  isotropic.     So,   some  of  these  things  are  rather  complex.     To  make  the  results  simple, 
as  some  individuals  have  indicated  they  would  like,  may  take  some  time;   because  it's 
going  to  take  time  to  do  the  testing,   analyze  the  data,  and  then  decide  how  in  the  world 
to  put  it  into  form  that  can  be  used  on  a  design  basis  being  conservative,  yet,  not 
overly  conservative. 

Hegemier : 

I  have  a  question  with  respect  to  consolidation.     Your  cuts  were  very  nice  on  your 
brick  specimens.     You  evidently  had  several  different  high  lifts;   and  then  you  came  down, 
evidently,  in  height  of  lift.     There  was  one  there  where  you  had  good  consolidation;  what 
size  lift  was  that? 

Me eh an : 

Brick  grout  consolidation? 

Hegemier : 

Yes,  this  was  brick.     You  showed  cuts  of  brick  specimens.     Then  you  showed  shrinkage 
cracks  and  bridging  of  the  grout;   and  you  said  that  there  was  some  correlation  between  con- 
solidation and  these  cracks.     There  was  one  slide  in  which  you  indicated  (it  was  very  clear) 
that  there  was  good  consolidation,   and  there  were  no  cracks.     What  case  was  that?     Was  that  a 
two-foot  lift  and  did  you  consolidate? 

Me  eh  an : 

The  recommended  procedure  calls  for  using  a  four-foot  height  of  lift. 

Hegemier : 

Was  it  vibrated? 
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Me eh an : 

First  of  all,  you  get  a  good  clean  joint  and  then,  you  pour  your  four-foot  lift.     If  you 
have  a  long  pour  you  shouldn't  have  a  thing  that's  over  around  25  feet  or  so,   so  that  you  can 
get  control  of  that  when  you  pour  the  grout.     It's  going  to  run  out,  because  it's  very,  very 
soupy.     So  you  pour  the  four  feet  and  consolidate  it  with  the  vibrator  and  then  you  wait.  It 
ended  up  as  we   found  in  the  San  Francisco  Bay  area,   that  there's  around  a  twenty-  to  thirty- 
minute  wait  before  you  should  reconsol idate  it.     If  you  haven't  had  reconsol idat ion  or 
haven't  used  high  lift,  you're  going  to  have  to  work  with  it  a  little.     You  can  do  this 
by  following  the  recommended  procedures;   then  cut  some  cores;   see  how  that  job  turns 
out  and  you'll  learn  what  to  do  on  the  next  one. 

But  basically,  you  pour  the  four-foot  lift;   then  you  pour  the  second  four  feet  twenty 
minutes  or  a  half  hour  later,  but  you  run  the  vibrator  down  into  the  first  pour,   thus  recon- 
solidating  the  first  pour.     Then  you  pour  your  third  lift  on  top  of  the  second  and  reconso- 
lidate  each  lift  as  you  progress  up  the  wall.     Then,  even  as  you  top  it  off,  you  must 
also  reconsol idate  the  top  layer. 

Mayes,  University  of  California,  Berkeley: 

I'd  just  like  to  add  to  what  Gill   [Hegemier]    said,  Jack.     With  respect  to  the  test  that 
we  were  running,  before  we  got  any  cracks  in  the  wall  whatsoever,  we  had  a  twenty-five  percent 
reduction  in  the  stiffness  of  the  specimen.     I  realize  that  what  we  ultimately  have  to  come 
up  with  is  some  simplified  sort  of  criteria,  but  I  think  that  what  the  design  profession 
has  to  realize  is  that  we're  dealing  with  an  incredibly  complicated  material  and  that 
this  is  not  going  to  be  easy.     The  research  results  that  you  use  with  the  smoothing 
process — that  we'll  obviously  have  to  go  on  taking  and  applying  for  design  purposes — are 
going  to  have  a  pretty  broad  standard  deviation.     We're  now  looking  at  these  problems; 
there  are  a  lot  of  complications  involved.     We  have  a  long  way  before  we  can  extend 
the  results  to  a  theory. 

Meehan : 

That's  good,   I'm  glad  to  hear  that  you  are  working  on  this  problem.     I  think  you  also 
have  to  coordinate  drift  with  the  deflection  properties  of  other  materials — plaster,  glass, 
any  of  the  other  building  materials. 

*  *  *  * 
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A  VIEW  ON  SOME  PREREQUISITES  FOR  IMPROVED 
EARTHQUAKE  RESISTANT  ^MASONRY  CONSTRUCTION 

Michael  E.  Werner 
Technical  Director 
Building  Officials  and  Code  Administrators  International 


In  order  to  understand  my  concerns  for  earthquake  resistant 
masonry  construction  as  it  relates  to  the  BOCA  membership,   it  becomes 
necessary  to  render  some  basic  factors  which  I  believe  have  contributed 
to  a  general  resistance  to,  or  passive  consideration  of,  earthquake 
problems . 

There  exist     two  dominant  risk  maps  or  seismic  consideration 
maps  generally  used  in  the  United  States;  one  being  a  map  as  published 
within  the  BOCA  Basic  Building  Code/1975   (copy  attached)   and  based  on 
imposing  risk  zones  over  damaging  earthquake  occurrences  throughout  the 
United  States  as  compiled  by  the  National  Ocean  Survey  with  risk  zones 
determined  by  the  ANSI  Committee  A58.     This  map  is  generally  typical  of 
use  in  the  midwest  and  various  northeast  portions  of  the  United  States; 
the  other       seismic  zone  map  (copy  attached)   reflects  risks  in  a  similar 
manner,   and  is  made  available  by  ICBO  and  the  Structural  Engineers 
Association  of  California  as  published  throught  the  Seismological 
Committee  of  the  Construction  Engineers  of  California,   this  second  map 
being  more  generally  used  for  construction  considerations  on  the  west 
coast,  military  construction  and  Department  of  Housing  and  Urban  Develop- 
ment related  construction.       A  quick  review  of  these  seismic  maps  gives 
evidence  of  considerable  variation  in  opinion  as  to  risks  or  level  of 
need  for  seismic  design  criteria.     It  is  my  belief  that  this  very  basic 
problem  reinforces  a  variety  of  relaxed  decision  making  processes  at  the 
local  level:   and  when  coupled  with  a  general  lack  of  understanding  of, 
or  technical  ability  to  cope  with«   seismic  problems,   it  will  continue  to 
be  utilized  as  justification  in  making  very  liberal  decisions  as  they 
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relate  to  seismic  design  parameters  or  risks.     This  problem  is  compounded 
by  constant  local  and  regional  considerations  related  to  political  or 
economic  competitiveness  of  one  area  or  region  or  state  versus  another 
area,   region  or  state. 

All  the  above  considerations  are  further  complicated  by  current 
movements  in  older  central  city  areas  toward  rehabilitation  of  existing 
nonconforming  structures,   a  movement  which  I  believe  would  receive  a 
great  economic  burden  if  seismic  considerations  became  generally  applicable 
upon  rehabilitation.     Such  requirements  are  generally  indicated  in  most 
building  codes  and  standards  relative  to  rehabilitation.     This  would  be 
particularly  critical  as  it  relates  to  masonry  construction  because  such 
construction  is  typical  of  most  older  center  core  urban  areas. 

The  general  problem  becomes  extremely  taxing  as  it  relates  to 
risk  zones.     In  terms  of  risk  zones  or  levels  of  risk,   I  personally 
qxiestion  exactly  what,   in  the  amount  of  life  loss  or  injury  risk  is 
involved,  particularly  at  the  low  and  moderate  risk  zones. 

There  exists  a  general  consensus   among  jurisdictions  in  the  midwest, 
that  Zone  1,   or  minor  zone  criteria  are  generally  over-ridden  by  wind  design 
criteria.     This  is  either  a  correct  or  incorrect  assumption  with  some 
prequalif ications  and  needs  clarification. 

In  view  of  the  above,   I  \Nrould  hope  for  sorne  general  workshop 
input  into  the  following  areas: 

1.  Development  of  or  research  leading  toward  a  clear  and 
concise  statement  of  risks  as  well  as  basis  of  risks, 
i.e.,   property  damage  dominant,  personal  safety  dominant. 
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2.  Development  of  or  research  leading  to  the  development  of 
a  direct  statement  of  risk  beyond  the  level  determined  in 
overall  risk  statements,   i.e.,  design  for  minor  occurrences 
and  probability  of  having  a  moderate  or  major  occurrence  and 
consequences  of  same. 

3.  Development  of  or  research  leading  toward  development  of  a  state- 
ment of  economic  impact  at  various  levels  of  design  for  various 
materials  of  design. 

4.  Development  of  or  research  toward  development  of  key  design  and 
inspection     considerations  for  masonry  structures,  with  a  hopeful 
end  product  of  simplified  design  formulations  and  pictorial 
inspection  tests  and  indicators .( Inspection  problem  may  demand 
professional  field  certification, ) 

5.  Development  or  research  toward  development  of  key  considerations 

in  evaluating  old,  nonconforming  structures  as  affected  by  vertical 
or  horizontal  additions. 

6.  Development  or  research  toward  development  of  key  considerations 
as  related  to  pre-  and  post-earthquake  evaluations  of  old, 
nonconforming  structures  in  terms  of  damage  potential  or  evaluation. 

7.  Development  or  research  leading  toward  development  of  critical 
choice  seismic  considerations  as  they  relate  to  general  rehabilita- 
tion of  existing  buildings.     Explorations  of  half-way  measures 
which  would  be  effective,   for  example,   if  confronted  with  a 
$200,000  problem,   is  there  a  reasonable  $100,000  alternate  to 
accommodate  for  major  considerations  of  seismic  danger  in  existing 
old,  nonconforming  structures. 
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ARCHING  IN  MASONRY  WALLS 
SUBJECTED  TO  OUT-OF-PLANE  FORCES 

Bernard  L.  Gabrielsen 

San  Jose  State  University 

and 

Kenneth  Kaplan 
Scientific  Service,  Inc. 

Abstract .     Non-reinforced  masonry  walls,  confined  between  rigid  supports  that 
restrict  in-plane  motions  and  rotation  of  wall  elements  about  the  supports,  can 
display  very  high  resistance  to  out-of-plane  forces  by  forming  three-hinged 
arches  after  cracking     in  flexure.     Analysis  indicates  that  two  different  types 
of  arching  can  occur  depending  on  whether  a  wall  is  tightly  fitted  between  sup- 
ports  (rigid  arching) ,  or  is  separated  from  one  support  by  a  small  gap  (gapped 
arching) . 

Special  static  tests  were  devised  to  investigate  the  kinds  of  loading  that 
occur  at  the  hinges  of  the  arches   (line  loadings) .     These  tests  indicated  that 
rigid  arching  walls  can  resist  6  to  8  times  the  loads  that  gapped  arching  walls 
can,  although  gapped  arching  walls  are  still  considerably  stronger  than  either 
cantilevered  walls  or  walls  mounted  as  simple  beams. 

An  extensive  dynamic  test  program  involving  full-scale  walls,  8h  ft   (2.6  m)  high 
and  12  ft   (3.7  m)  wide,   subjected  to  blast  waves  in  a  large  shock  tunnel,  con- 
firmed that  brick  walls  undergoing  rigid  arching  could  withstand  loadings  as 
high  as  19  psi   (131  kN/m^)  equivalent  to  about  34  g.     These  walls  cracked  in 
flexure  but  did  not  fail,  and  then  withstood  many  cycles  of  reversing  loadings 
with  maxima  equivalent  to  accelerations  greater  than  1  g. 
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Examples  of  arching  behavior  under  actual  earthquake  loadings  were  found  in  the 
San  Fernando  earthquake  of  1971,  and  the  Caracas  earthquake  of  1967. 

A  number  of  important  espects  of  arching  phenomena  (e.g.   plate  or  two-way  arch- 
ing,  soft  arching,   effects  of  curtain  walls)   still  require  investigation. 

Key  Words.     Arching;  buildings;   earthquakes;   failure;  infill  walls;  low-level 
fatigue;  masonry;   rigid  frames;  walls. 

1.  GENERAL 

The  response  of  non-reinforced  masonry  walls  to  out-of-plane  loadings  has  been 
studied  for  approximately  eight  years  as  part  of  a  program  sponsored  by  both  the 
Defense  Civil  Preparedness  Agency  and  the  Veterans  Administration.     While  many 
different  types  of  walls  were  studied,   emphasis  in  this  paper  is  on  "arching 
walls"  —  walls  that  acquire  resistance  to  out-of-plane  motions  or  forces  by  be- 
ing confined  in  a  frame  that  inhibits  in-plane  motions  and  rotation  about  the 
walls'  supports. 

2.  FULL-SCALE  WALL  TEST  PROGRAM 

For  the  Civil  Defense  studies,  a  unique  facility  called  a  shock  tunnel  was  used 
which  enabled  full-scale  walls  to  be  subjected  to  air  blast  loadings  over  one 
entire  face.     Fig.    1  is  a  cutaway  view  of  the  facility,  a  former  coastal  defense 
installation.     The  area  occupied  by  the  shock  tunnel  is  in  the  foreground.  It 
consisted  of  a  63-ft   (19.2  m)   long  steel  cylinder  which  served  as  a  "compression" 
chamber,   and  a  100-ft   (30.5  m)   long  passageway  8%  ft   (2.6  m)  high  by  12  ft 
(3.7  m)  wide  which  served  as  an  "expansion"  chamber,   in  which  full  scale  walls 
were  mounted.     The  expansion  chamber  opened  on  a  large  casemate  area  which  once 
housed  a  16-in.    (40.6  cm)  gun. 


284 


285 


Fig.   2  is  a  closer  cutaway  view  of  the  shock  tunnel.     In  the  domed  steel  cylin- 
der, 60-ft   (18.3  m)   long  strands  of  Primacord   (detonating  fuse)  were  strung. 
Upon  detonation,   the  hot,  high-pressure  detonation  products  expanded  rapidly 
in  the  compression  chamber  and  acted  like  a  piston  to  drive  a  shock  (blast) 
wave  out  the  open  mouth  of  the  cylinder.     The  cylinder,  which  experienced 
thrusts  of  up  to  1,000,000  lbs   (4.5  x  10^  kN) ,   is  held  in  the  tunnel  solely  by 
polyurethane  foam.     The  shock  wave,  moving  at  a  velocity  somewhat  greater  than 
the  speed  of  sound,  proceeded  down  the  expansion  chamber,  at  the  end  of  which 
it  encountered  a  test  wall,  which  thereupon  experienced  a  generally  uniform 
loading  over  one  entire  face. 

A  still  closer  cutaway  view  of  the  tunnel  showing  wall  mounting  details  is 
sketched  in  Fig.  3.     Heavy  steel  blocks  were  bolted  to  the  tunnel  wall  to  serve 
as  anchors  for  steel  girders  which  spanned  the  tunnel,   simulating  floor  systems 
in  actual  buildings.     Two  additional  vertical  girders  were  used  in  connection 
with  walls  that  were  mounted  as  plates.     Most  of  the  walls  were  constructed  out- 
side the  shock  tunnel  itself  in  light  steel  frames.     After  curing,   the  wall  in 
its  frame  was  moved  into  the  tunnel  and  affixed  to  the  girders. 

Walls  which  were  mounted  as  simple  plates   (with  all  edges  pinned)   in  the  manner 
shown  in  Fig.   3,   acutally  exhibited  modified  arching  behavior  once  flexural 
failure  began.     Because  of  wall  bonding  to  the  frame  members,   the  "picture 
frame"  support  structure  became  a  perimeter  restraining  ring  (to  a  rose  petal 
type  shell).     As  a  result,  arching  thrusts  developed  as  shown  in  Fig.  4,  and 
the  walls  appeared  to  be  approximately  twice  as  strong  as  true  simple  plates 
would  have  been.     In  one  impressive  case  [l],   the  result  of  this  behavior  was 
to  neatly  remove  a  section  of  wall,  approximately  2.5  ft   (0.75  m)  on  a  side, 
from  the  center  of  a  panel,  leaving  the  remainder  of  the  panel  standing.  This 


286 


is  shown  in  Fig.   5.     Note  the  crack  pattern  on  the  downstream  face  of  the  wall 
extending  from  the  corners  of  the  hole. 

The  building  of  the  walls  was  contracted  out  to  a  local  bricklayer  who  was  in- 
structed to  use  normal  practices  while  constructing  them.     At  the  same  time,  the 
contractor  also  fabricated  many  samples  to  be  used  in  a  variety  of  static  tests 
of  material  properties  and  properties  of  the  brick  and  mortar  assemblies.  These 
included  samples  for  compression,   shear,  and  tension  tests,  and  others  (beams) 
to  be  used  in  tests  for  tensile  strength  in  flexure. 

Failure  statistics  reflected  a  fairly  large  property  variability,  as  can  be  seen 
in  Fig.   6,  an  extreme  probability  plot  of  tensile  stress  at  flexural  failure  [2]. 
Curve  1  is  for  specimens  carefully  constructed  in  the  laboratory,  and  Curve  2  is 
for  specimens  constructed  by  the  bricklayer.     The  data  for  both  lines  show 
stresses  that  differ  by  about  a  factor  of  three.     There  is  good  correlation  be- 
tween failure  stresses  in  the  field  and  laboratory  samples. 

3.  RIGID  AND  GAPPED  ARCHING 

The  resistance  of  walls  tightly  fitted  into  rigid  frames  to  out-of-plane  load- 
ings has  been  studied  for  many  years.     Theories  for  walls  rigidly  restrained  on 
two  opposite  edges  were  developed  almost  20  years  ago  [3,4],  and  more  recently 
refined  [5,6].     These  indicated  that  resistance  of  such  walls  to  out-of-plane 
forces,  brought  about  by  what  is  termed  "rigid  arching",   could  be  larger  by  fac- 
tors of   10  or  more  than  the  resistance  of  similar  walls  mounted  as  simple  beams 
(pinned  on  two  opposite  edges). 

There  was  some  question,  however,  whether  a  wall  separated  from  one  of  its  con- 
fining frame  members  by  a  gap   (which  could  be  caused  by  poor  mortaring  techniques , 
mortar  shrinkage,  or  even  by  deliberate  inclusion  of  a  low-strength  flexible  seal 
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between  wall  and  frame)  would  also  exhibit  arching  behavior.     It  can  be  shown 
[7]  that  a  modified  form  of  arching   (termed  "gapped  arching")   could  take  place 
which  would  still  afford  increased  resistance  to  out-of-plane  forces  over  the 
walls  mounted  as  simple  beams,   though  not  nearly  as  much  as  is  afforded  by  rigid 
arching . 

The  essential  differences  between  the  two  forms  of  arching  are  shown  in  Figs.  7 
and  8.     Fig.   7  shows,   in  exaggerated  fashion,   the  motions  that  take  place.  In 
rigid  arching,  a  symmetrical  three-hinged  arch  is  formed;   in  gapped  arching,  an 
unsymmetrical  arch  is  formed.     Fig.   8  contains  free-body  diagrams  of  the  wall 
elements  in  the  two  cases.     In  rigid  arching,   forces  at  the  arch  hinge  points 
are  all  directed  into  the  wall   (or  parallel  to  its  face) .     In  gapped  arching 
forces  at  two  hinge  points  are  directed  away  from  the  wall.     Thus,   in  rigid 
arching,   failure  at  the  hinge  points  should  be  largely  through  crushing  (com- 
pressive)  forces.     In  gapped  arching,   failure  would  also  take  place  through 
spalling  (tensile)  forces. 

In  both  types  of  arching,   the  loads  at  the  hinge  points  are  applied  along  the 
hinges,   that  is  along  lines  in  the  wall  faces.     To  determine  failure  strengths 
under  these  line-loads,   static  tests  were  conducted  using  the  specially  designed 
test  configurations  shown  in  Fig.   9,  modifications  of  standard  compression  test 
configurations.     In  1 1  tests  with  rigid  arching  samples,  an  average  line-load 
of  4500  lb/in.    (7900  N/cm)  was  required  to  cause  failure;   in  four  tests  with 
gapped  arching  samples,   line  loads  of  about   1000  lb/in.    (1800  N/cm)   caused  fail- 
ure [7].     Photographs  of  a  rigid  arching  type  of  static  line-load  test  are  shown 
in  Fig.    10.     The  sample  is  one  from  a  wall  of  a  V.A.  hospital  [8]. 

The  measured  values  of  line-load  failure  strengths  led  to  static  resistance 
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functions  for  walls   (resistance  of  a  wall  to  uniform  loadings  normal  to  one  face) 
such  as  those  shown  in  Fig.    11.     Clearly,   the  resistance  of  gapped  arching  walls 
is  much  less  than  that  of  rigid  arching  walls.     It  should  be  appreciated,  however, 
that  both  are  Still  considerably  larger  than  the  resistance  of  non-arching  walls. 
Consider,  for  example,  the  four  types  of  walls  shown  in  Fig.   12,  on  which  tests 
and  analysis  were  conducted,  and  which  resemble  each  other  superficially.  Pres- 
sures to  cause  wall  failure,  and  the  relative  energy  absorbed  by  the  walls  to 
the  point  of  their  failure   (i.e.,  when  they  become  unstable  and  would  collapse 
under  gravity  alone)  are  shown  in  Table  1. 

Table  1 

WALL  FAILURE  FACTORS 

Wall  Type  Approximate  Failure  Pressure  Energy  Absorbed 

psi  (kN/m^  X  0.145)  (arbitrary  units) 

Cantilever  0,2  1 

Simple  Beam  0.9  3 

Gapped  Arching  2.5  27 

Rigid  Arching  16.0  350 

Theory  and  experiment  for  rigid  arching  walls  compare  quite  well.     In  Fig.  13 
are  shown  records  of  motion  at  the  centerline  of  an  8-in.   thick  brick  wall, 
tightly  fitted  between  floor  and  ceiling  of  the  tunnel  so  as  to  undergo  rigid 
arching.     The  wall  was  tested  three  times.     It  was  first  exposed  to  a  blast 
loading  of  13  psi   (90  kN/m^).     It  cracked  in  the  center,  oscillated,  but  recover- 
ed.    It  was  then  exposed  to  a  loading  of  15  psi   (100  kN/m^) .     Again,   it  oscillat- 
ed, but  recovered.     Finally,   it  was  loaded  at  20  psi   (140  kN/m^)  well  above  its 
predicted  failure  point,   and  it  did  fail.     Fig.   14  shows  a  comparison  between 
centerline  motion  measured  during  the  second  test,  and  predictions  of  this 
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Fig.  13  Displacement  as  a  function  of  time,  wall  no.  87,  Test  1,  13  psi 
(90  kN/m2);  Test  2,   15  psi  (100  kN/m^);  Test  3,  20  psi  (lAO  kN/m^) . 
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Fig.    14  Predicted  and  measured  wall  centerline  displacements  for  a  rigidly 
arching  wall  vs  time  from  initial  blast  loading,  wall  no.   87,   second  test. 
Loading  pressure  =  15  psi   (103.5  kN/m^) 
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motion  from  a  dynamic  analysis  [6]. 

As  far  as  resistance  to  earthquake  induced  forces  is  concerned,  the  uniform 
blast  load  converts  to  an  earthquake  acceleration  by  multiplying  the  load  by  a 
factor  of  1.8.      (This  assumes,  of  course,   that  a  structure  and  frame  can  trans- 
rait  a  uniform  acceleration  to  a  wall.)     Thus,  a  15  psi   (100  kN/m^)  uniform  blast 
loading,  which  the  wall  withstood  after  being  cracked  by  a  13  psi   (90  kN/m^) 
loading,   is  approximately  equivalent  to  an  earthquake  acceleration  of  27  g. 
Clearly,  arching  walls  can  provide  substantial  resistance  to  out-of-plane  load- 
ings even  after  they  are  damaged. 

A  special  characteristic  of  the  test  facility  emphasizes  how  strong  arching  walls 
can  be  even  after  they  crack  in  flexure.     If  a  wall   (even  one  with  a  window  or 
doorway  opening)   struck  by  a  blast  wave  did  not  fail,   the  wave  reflected  from 
the  wall  returned  to  its  source  area,    (see  Fig.   2)   then  re-reflected  to  strike 
the  wall  again,   about  0.3  sec  after  the  first  loading.     On  a  second  test,  if 
the  wall  again  did  not  fail,   the  process  was  repeated,   so  that  some  walls  were 
loaded  and  reloaded  many  times.     The  pulses  themselves  had  a  positive  loading 
pulse  about  0.1  sec  long,   followed  by  a  negative  loading  phase  af  about  the 
same  duration,  but  of  much  lower  intensity.     Thus,   these  tests  provided  informa- 
tion on  "low-level  fatigue",  or  the  ability  of  walls  to  withstand  a  number  of 
reversing  loading  cycles. 

On  a  single  test  with  a  solid  wall,  each  of  the  many  pulses  after  the  first  load- 
ed the  wall  with  a  maximum  pressure  about  2/3  the  maximum  of  the  preceding  pulse. 
On  a  test  with  a  wall  containing  a  window  opening,  each  pulse  after  the  first 
had  a  maximum  pressure  about  1/3  of  the  preceding  pulse.     But  some  of  the  initial 
loads  —  and  therefore  the  succeeding  loads  as  well  —  were  extremely  high  in 
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terms  of  normal  earthquake  loadings.     Furthermore,   the  walls  that  were  tested 
a  second  time  at  high  initial  loadings  and  still  did  not  fail,  were  again  sub- 
jected to  intense  multiple  pulses. 

The  type  of  pressure  loadings  experienced  by  a  solid  wall  that  did  not  fail  is 
illustrated  in  Fig.  15,  which  clearly  shows  the  loading  reversals  (the  troughs 
of  the  trace  where  pressure  is  negative) . 

Table  2  gives  the  loading  peaks,  with  pressures  converted  to  equivalent  accel- 
eration in  "g"  units,   experienced  by  seven  brick  walls,   three  of  which  were 
built  with  window  openings.     In  each  case,   the  wall  cracked  on  first  loading, 
but  then  withstood  subsequent  load  pulses  equivalent  to  very  high  earthquake 
accelerations . 

4.   ARCHING  WALLS  AFTER  EARTHQUAKES 

Field  evidence  confirms  that  non-reinforced,  masonry,   in-fill  walls  can  provide 
increased  resistance  to  out-of-plane  loads  over  non-arching  walls.     Fig.    16  is 
a  photograph  of  a  building  on  the  grounds  of  the  V.A.  hospital  at  Sylmar ,  which 
was  exposed  to  an  earthquake  in  February,   1971.     Note  that  the  upper  walls  fac- 
ing the  observer   (which  run  north-south)   are  intact  while  the  lower  walls  have 
fallen.    The  east-west  walls  of  this  building  showed  diagonal  cracking  from  shear 
forces,   strongly  suggesting  that  the  major  direction  of  the  earthquake  was  in 
the  plane  of  these  walls,   that  is,  normal  to  the  walls  shown  in  Fig.  16. 

Fig.   17  is  a  photograph  of  the  first  floor  area  of  the  same  building  where  the 
north-south  walls  had  been.     Note  the  spalling  and  concrete  failure  at  the  top 
of  the  column  in  the  photograph,  which  suggests  that  the  frame  did  not  behave 
as  a  rigid  member  as  required  for  rigid  arching  to  occur,  i.e..   the  lower  wall 
was  not  adequately  restrained,  and  the  upper  one  was.     Fig.   18  is  another  example 
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of  frame  failure  in  the  same  building  that  prevented  arching  from  occurring, 
and  caused  failure  of  the  first-floor  walls. 

A  photograph  of  another  building  in  the  same  area  as  that  shown  previously,  and 
of  similar  construction,   is  shown  in  Fig.    19.     The  parapet  wall   (a  cantilever 
wall)   failed,  but  the  other  exterior  walls,  which  could  have  arched  in  their 
frames,  did  not  fail. 

A  building  in  Caracas  whose  walls  show  evidence  of  severe  loading  is  shown  in 
Fig.   20.     Walls  in  both  the  face  of  the  building  in  the  photograph,  and  in  the 
hidden  side  of  the  building  were  identified  as  being  infill  walls  in  rigid 
frames  [9].     None  failed. 

5.   NEEDS  OF  A  DESIGNER 

Considerable  effort  is  needed  before  the  foregoing  analyses  can  have  a  firm 
basis  for  practical  application.     The  notion  of  a  line-load  which  results  in 
failure  is  relatively  new,   and  the  statistics  of  material  strengths  under  such 
loadings  are  virtually  non-existent.     Many  more  tests  involving  the  rigid  arch- 
ing type  of  failure   (crushing)  are  needed,  as  is  another  method  for  evaluating 
the  gapped  arching  type  of  failure   (spalling) .     The  test  configuration  shown  in 
Fig.  9  only  crudely  approximates  the  actual  mode  of  failure.     Materials  other 
than  brick  must  also  be  studied. 

The  gapped  arching  analyses  of  [7]  has  not  been  adequately  verified  experiment- 
ally.    In  addition,  while  some  preliminary  work  [lO]  has  been  done  on  cracked 
walls   (rather  than  walls  with  a  gap)  more  analyses  and  experiments  are  in  order. 

Very  little  work  has  been  done  on  some  other  important  aspects  of  the  general 
arching  problem.     For  example: 
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Fig.    19  Building  at  Sylmar,   California  in  which  parapet  wall  failed,  but  other 

walls  did  not  fail. 


The  problem  of  "two  way"  or  "plate"  arching  (where  in-plane  motions  are 
restricted  by  rigid  supports  on  all  four  edges)  has  received  some  consid- 
eration [ll,   12],  but  the  existing  approaches  do  not  consider  any  effects 
of  gaps  between  wall  and  frame,   or  of  cracks  in  masonry. 

Consideration  has  been  given  [?]  to  the  effect  of  full-wall-height  door- 
way openings  on  arching,  but  no  analysis  has  been  made  of  effects  of  win- 
dow or  partial-wall-height  doorway  openings. 

The  changes  in  wall  resistance  that  result  from  supports  that  are  not 
perfectly  rigid   (termed  here  "soft  arching")  have  been  considered  [l3], 
but  again  more  work  is  needed,  as  the  existing  analysis  is  an  extension 
of  the  earlier  rigid  arching  approaches. 

Little  work  has  been  done  on  determining  wall  response  to  forces  that  are 
directed  neither  normal  to,  nor  parallel  to,   infill  walls  in  a  frame  build- 
ing.    A  fair  amount  of  effort  has  gone  into  evaluating  shear  capacity  of 
walls  under  in-plane  loading  [l4,   15]  and  some  has  been  done  to  evaluate 
the  decrease  in  shear  capacity  due  to  cracks  [l5,    16,   17].     However,  the 
effect  on  resistance  to  out-of-plane  motions  of  both  cornering  and  in- 
plane  motions  and  their     subsequent  damage  to  the  walls,  has  by  no  means 
received  adequate  attention. 

One  problem  that  appears  not  to  have  been  addressed  at  all  involves  a 
very  common  structural  class:   structures  with  curtain  walls  separated 
from  the  frame  and  its  infill  walls  by  a  cavity.     The  curtain  walls  will 
most  assuredly  fail  at  lower  loadings  than  will  the  infill  walls  if  these 
have  any  tendency  to  arch  at  all.     Whether  a  curtain  wall  failure  can 
adversely  affect  an  infill  wall's  capacity  to  arch  is  unresolved. 
The  response  of  wall  systems  rather  than  individual  walls  requires  con- 
sideration.    It  is  easily  conceivable  that  failure  of  a  single  wall  in 
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a  building  could  lead  to  failure  of  other  walls  that  would  otherwise 
withstand  the  forces  imposed  on  them,  because  the  first  wall's  failure 
altered  the  other  walls'   support  and  loading  conditions. 

It  should  also  be  appreciated  that,  while  many  of  the  problems  associated  with 
wall  resistance  to  out-of-plane  loadings,  described  in  the  preceding  material, 
lend  themselves  to  computer  analysis,  relatively  little  has  been  done  in  that 
regard . 
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SOME  THOUGHTS  ON  MINIMUM  REQUIREMENTS  FOR  THE 
SEISMIC  DESIGN  OF  LOAD  BEARING  MASONRY  BUILDINGS 


Richard  M.  Gensert 
Gensert  Peller  Mancini  Associates 
Consulting  Structural  Engineers 

Abstract.     A  shear  wall    is  analyzed  for  a  5,   10  and   15-story  building  for  two  typical 
wind  zones  and  four  seismic  zones.     The  result  shows  that  one  might  design  a  tall 
unreinforced  building  in  all   zones  but  3  and  k  for  seismic  conditions.     It  is 
suggested  that  the  need  for  criteria  regarding  ductility  should  come  from  the 
testing  of  actual  buildings. 

Key  Words.  Current  research;  Ductility;   Full  scale  testing;  High-rise  masonry;  Scale 
factors;  Shear  walls. 

1 .  HISTORICAL  BACKGROUND 

The  ability  of  a  reinforced  masonry  building  to  withstand  seismic  forces  without  major 
damage  has  recently  been  proven  in  California.     The  capacity  to  absorb  micro  movements 
as  units  float  within  mortared  boundaries,  offers  energy  absorption  unlike  that  of  any 
other  material.     However,  there  is  another  movement  that  may  stifle  the  industry  by 
requiring  West  Coast  minimum  standards  for  earthquake  in  all    regions  of  this  country 
regardless  of  seismic  intensity. 

We  must  also  admit  that  many  masonry  buildings  designed  for  non-earthquake  or  minimum 
earthquake  requirements  have  no  ductility  properties  to  resist  the  many  unknown  or 
uninvestigated  secondary  stresses  that  occur.     Thus,  there  is  a  gap  between  the  two 
schools  of  thought  regarding  the  basic  requirements  of  safety  and  performance. 
Hopefully,  this  gap  may  be  closed  through  selective  research. 

2.  COMPARATIVE  BUILDING  STUDY 

First  let's   look  at  a  transverse  masonry  shear  wall   for  a  typical  apartment  building. 

We  will  examine  both  out  of  plane  and  In  plane  stresses  for  wind  loads  and  for  seismic 
1 oads . 

2.1     Criteria.  Cross  walls  are  both  bearing  and  shear  resisting;     Story  heights  are  9' 

(2.7^*11);     Walls  are  in  pairs  and  not  coupled;     Building  heights  are  5,   10  and  15  stories 

Wall   types  are:  C-90  concrete  block,  with  grouted  cells   (12")    (30. 'tS  cm);  Concrete 
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block  wythes  with  grouted  interior  wythe   (12");     Brick  wythes  with  grouted  interior  wythe 
(12");     Brick  wythes  with  grouted  collar  joints   (12").      (it  should  be  noted  that  the 
various  masonry  wall   systems  are  comparable  when  unit  strengths  or  densities  are  varied.) 


2.1.1     Out  of  Plane  Stresses. 


2.1.1.1  Lateral   Loading.     90  mph   (l^tS  kph)  wind 
loads  common  to  most  of  the  U.S.   represents  a 
uniform  wind  pressure  of  25  psf  (120  kpm2) . 

Seismic  forces  for  Zone  k  requires  an  equivalent 
pressure  of  2k  psf  (115  kpm^) . 

2.1.1.2  Summa ry .     Seismic  does  not  control  for 
out  of  plane  stresses,  since  allowable  shear  and 
tension  stresses       (  1/3  increase  in  stress  levels) 
are  not  exceeded. 


F  i  gu  re 


2.1.2     In  Plane  Stresses, 


2.1.2.1     Lateral   Loading.     Wind  pressures  used  in 

design  were:  90  mph  (25  psf)  and  125  mph  (200  kph) 
(40  psf)   (190  kpm2) . 

Seismic  forces  were  used  for  Zones  1,  2,  3  and  4. 

Reinforcing,  when  required,   is   in  the  5-foot 
stress  block  at  either  end  of  a  wall. 

I  5',    (1.52  m) 


5' 


25'   (7.62  m) 


igure  3 


Figure  2 


2.1.2.2  Summary.  Reinforcing  requirements  for  the  masonry  is  indicated  in  the 
following  table   (Figure  4). 


Brick  =  12,000  psi  (840  kpcm2) 
Block  =    6,000  psi    (420  kpcm^) 
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Masonry  Wall  Requirements 
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It   is  apparent  from  Figure  k  that  Zones  3  and  ^4  wi  1  1   require  reinforced  masonry. 
Although  one  should  not  design  a  15  story  masonry  building  in  Zone  1  or  2  without 
reinforcing,   it  is  obvious  that  the  present  static  design  procedures  for  earthquake 
are  not  adequate  since  there  is  no  method  for  determining  the  required  ductility. 

Our  own  office  practice  has  been  that  of  reinforcing  the  ends  of  shear  walls  with  steel 
based  on  2^Z  of  the  seismic  moment,  assuming  the  wall  has  no  prestress  and  no  strength. 
We  do  not  always  use  minimum  vertical   reinforcing  between  the  reinforced  edges  of  a  wall. 
Openings   in  the  walls  are  reinforced  on  all   four  sides.     Floor  and  roof  slabs  are  tied 
together  to  produce  horizontal  diaphragms  which  are  also  tied  to  the  walls  with 
reinforcing  to  keep  them  together  and  transmit  shears.     Walls  continuous  around  corners 
are  either  fully  bonded,  or  intermittently  tied  together  depending  on  their  structural 
requirements.     Thus,  each  panel  of  load  carrying  masonry  has  a  reinforced  horizontal 
and  vertical  boundary  with  a  positive  connection. 

It  is  true  that  these  standards  saved  two  masonry  buildings  in  the  Xenia,  Ohio  tornado 
that  destroyed  the  Central   State  College  Campus   in  197^,  but  we  must  admit  to  a   lack  of 
rat  i  ona le. 

3.  THE  QUESTION  OF  DUCTILITY 

What  is  a  logical  method  of  determining  ductility?  Should  it  be  based  on  minimum  rein- 
forcing size  and  spacing  constant  to  all  zones  -  or  should  it  be  keyed  to  stress  levels 
as  well  as  building  and  wall  configurations?  Is  there  a  relationship  between  reinforcing 
requirements  for  ductility  and  the  type  of  masonry  wall  construction?  -  or  masonry  unit 
geometry?  masonry  strength?  -  or  dynamic  response  of  the  building's  geometry?  For  that 
matter  should  ductility  be  a  universal  requirement?  What  about  a  two-story  residence  in 
Zone  1?     The  answer  to  this   important  question  must  come  from  research. 

4.  RESEARCH  MUST  REFLECT  CONSTRUCTION  METHODS 

Much  research  is  needed  for  the  code  writers  and  designers  to  produce  safe  and  logical 
buildings,  and  I   am  pleased  that  we  have  been  introduced  to  current  project  underway  in 
several  Universities.     Yet  one  cannot  help  but  comment  on  their  direction  and  results. 

Research  should  be  closely  tied  with  construction  practices  that   reflect  all   regions  of 
the  country  both  In  terms  of  unit  geometry  and  assembly.     Understanding  the  relationship 
of  masonry  units,  mortar  and  grout  may  lead  to  more  economical   structures  and  better 
testing.     For  example,  mortar  strengths  should  be  less  than  unit  strengths   if  compression 
is  the  only  requirement,  but  greater  if  shear  and  tension  are  needed.     Grout  should 
match  the  modulus  of  elasticity  of  the  unit  It  fills  to  obtain  uniform  strains  and 
special   precautions  can  be  taken  to  prevent  shrinkage  of  grout  within  masonry  cells  or 
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grouted  wythes  by  reconsol I dat ion  of  the  grout.     Many  areas  of  the  country  vary  the 
density  of  the  units  and  grout  only  those  cells   requiring  reinforcing.  Composite 
construction  of  masonry  walls   is  almost  universal. 

The  transmission  of  horizontal   shear  stress  from  lateral   forces  through  wall  and  floor 
intersections   is  very  important  information  to  a  designer;  however,  tests  with  short- 
stiff  floor  and  wall   panels  bonded  together  do  not  reflect  actual   conditions.     Wall  and 
floor  panels   in  a  building  are  large  enough  and  insufficiently  tied  together  to  give 
flexibility  through  torsion  and  slippage.     How  does  this  resistance  change  with  the  load 
in  the  wall?     What  happens  to  this  slippage  when  motion   is  perpendicular  to  the  wall? 

Current  laboratory  testing  indicates  that  values  of  h/d  beyond  5  for  prisms  are  too 
erratic  and  should  not  be  attempted.     One  cannot  help  but  wonder  about  the  20-story 
building  with  h/d  values  of  20  or  more,  and  if  eccentricity  is  the  culprit,  should  we 
use  different  values  of  fm  for  end  walls  as  compared  with  interior  walls?  -  or  can  we 
assume  that  designing  for  the  eccentricity  is  sufficient? 

What   is  the  difference  in  performance  of  composite  walls  as  against  non-composite?  -  with 
respect  to  creep  -  with  respect  to  thermal  variations  and  their  combined  effect  under  load. 
What  about  f'f^  for  unsymmet  r  i  ca  1  composite  walls? 

Should  we  not  establish  special   criteria  for  reinforcing  when  placement  patterns  deviate 
from  direction  of  principal   stress?    Will  over-reinforcing  produce  strain  incompatibilities 
as  evidenced  by  recent  research? 

5.     REALISTIC  RESEARCH 

Well,   there  are  a  host  of  other  concerns   regarding  masonry  structures  that  need  discreet 
testing  in   laboratories  such  as  we  have  heard  from,  but   I   also  think  another  great 
laboratory   is  the  building  itself.     Instrumenting  a  structurally  isolated  section  of  a 
building  for  load  transfer  and  thermal    reactions   is  not  difficult,  and  does  not  present 
problems  with  scale  factors.     Gravity  loading  is  free  and  shaking  can  be  accommodated 
by  no  more  than  two  portable  shakers.     The  final   comparison  of  mathematical  models 
developed  from  parts  versus  the  whole  would  be  of  great  scientific  benefit  to  all  of  us. 
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DISCUSSION 

■)<    ■/<    v'c  A 


Mayes,   University  of  California,  Berkeley: 

For  Dick  [Gensert] :     You  made  a  concluding  comment  that  we  could  get  valuable 
information  from  full-scale  testing  —  full-scale  buildings.     Were  you  referring 
to  dynamic  loadings? 

Gensert,   (Gensert,  Peller,  Mancini  Associates); 
I'm  referring  to  both  types,  yes. 

Mayes : 

How  would  you  envisage  getting  sufficient   force  into  the  building  in  the  case 
of  a  masonry  shear  wall  building  to  cause  significant  damage?     there  are  two  forms 
of  tests;  one:     you  can  do  low-amplitude  tests  to  determine  the  dynamic  properties 
(and  this  is  being  done  on  many  buildings);   and  the  next  stage,  over  and  above 
that,   is  to  do  large  amplitude  tests  in  which  you're  going  to  cause  some  damage 
wherever  the  critical  element  may  be.     But,   to  generate  forces  sufficient  to  do 
that  requires  pretty  large  shakers  and,   I  think,  much  larger  than  the  ones  you're 
envisaging . 

Gensert: 

Yes,  it  would  require  large  shakers.     There  are  two  in  California  that  we  have 
our  eyes  on. 

Ma  ye  s : 

I'm  leaving  tomorrow  for  a  test  in  St.  Louis  on  an  eleven-story  reinforced 
concrete  building;  that's  just  a  frame  building.     We  designed  the  shaker  for 
that;  and  the  shakers  you  are  referring  to  in  California  certainly  are  completely 
inadequate  for  what  you're  envisaging.     The  shaker  we've  designed  for  St.  Louis 
I'm  sure  would  be  inadequate  for  a  masonry  load-bearing  shear  wall  structure. 
You'd  require  something  tremendous  to  get  the   forces  necessary  to  cause  any 
significant  damage.     I  think  we  have  a  long  way  to  go  before  we  can  look  at 
testing  of  full  scale  structures. 
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Gensert: 

I  don't  know  that  we're  looking  for  complete  failure  of  a  building  through 
tests,  but   I  think  that  we  are  looking  for  performance,  which  means  that  we  don't 
have  to  go  all  the  way  to  destruction. 

Mayes: 

But  to  get  those  forces  into  the  building  I  think  is  well  beyond  our  capability. 
Gensert : 

Well,   I  think  if  we're  looking  for  a  distribution  of  strains,   let's  say,  and 
any  slippage  that  could  occur,  we  could  accomplish  a  lot  by  doing  that. 

Hegemier,  University  of  California,  San  Diego: 

Dick,   I  just  wanted  to  amplify  some  remarks  that  Ron  [Mayes]   had  made.  Something 
comes  to  my  mind  immediately  and  that  is  the  years  of  testing  that  has  gone  on 
at  CAL  TECH,  with  respect  to  the  Millikan  Library.   That's  been  a  really  difficult 
situation  in  terms  of  instrumentation,   interpreting  the  data,   and  finally  finding 
out  that  soil/ structure  interaction  was  a  problem,  when,   in  the  beginning,  it 
was  thought  not  to  be  a  problem.   The  whole  thing  is  in  the  elastic  range  essentially; 
and  I  think  it's  a  very  difficult  thing  to  do — to  not  only  shake  the  building 
at  the  proper  amplitude  where  you  can  begin  to  get  data  that  mean  something, 
but  to  instrument  the  building  and  then  to  try  to  interpret  the  data  to  come  forth 
with  some  meaningful  results.     I  don't  think  it's  quite  so  simple,  and  I  agree 
with  Ron  that  we're  a  distance  away  from  full-scale  testing. 

Gensert : 

I  think  if  you're  talking  about  a  complete  building  (let's  say  60  feet  wide  by 
about  100  feet  long)   you  certainly  have  a  good  point.     If  we're  talking  about  a  portion 
of  a  building  (let's  say  about   30  to  40  feet  wide  and  maybe  only  two  bays  in  the  long 
direction)   I  think  you  can  easily  shake  that  one — certainly  a  building  200  to 
300  feet  in  all . 
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Mayes : 

What  height  are  you  looking  at? 
Gensert : 

Well,   I  think  that  it  would  depend  upon  a  number  of  circumstances,  but   I  think 
that  one  could  go  up  to  at  least  ten  stories. 

Mayes : 

I've  just  performed  a  set  of  calculations  for  a  frame  building  and  I  am  just 
going  through  a  similar  set  of  calculations   for  a  load  bearing  shear  wall  building. 
Both  of  these  indicate  that  large  forces  are  required  and  the   forces  appear  to  be 
too  large  to  be  produced  by  portable  equipment  that  is  presently  available. 

Fintel,  Portland  Cement  Association; 

Dick,   [Gensert]  regarding  your  comment  on  coupled  shear  walls  in  which  you  came  up 
with  reinforcement  starting  only  from  the  second  floor,  we  have  recently  carried  out 
dynamic  inelastic  response  studies  (time  history  studies)  of  coupled  shear  walls  and  we 
have  found  that  in  a  16-story  coupled  shear  wall  we  had  quite  substantial  tensile 
forces  reaching  a  number  of  stories  high,  which  would  actually  require  quite 
a  bit  of  reinforcement  in  the  coupled  shear  wall.     Obviously,  when  you  used  the  code 
forces  you  came  up  with  no  tensile  forces.     However,  dynamic  response  studies  show  that 
tensile  forces  do  exist  . 

Gensert : 

Right,  this  was  the  study. 

Self,   University  of  Florida: 

I'm  wondering  if  anyone  has  heard  of  trying  or  if  it's  ever  been  proposed 

to  use  controlled  demolition.     I've  seen  some  very  spectacular  use  of  controlled 

demolition  and  of  high  speed  photography  in  observing  the   failure  and  collapse  of 

buildings;  and  it  seems  to  me  that  it  was  a  waste  to  simply  destroy  many  buildings 

that  are  up  to  15  stories  high  by  controlled  demolition  without  making  any  kind 

of  study  on  the  structure  or  on  the  collapse  mechanism. 
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Genser t : 

We  haven't  done  anything  on  that  line  although  we've  looked  into  the  Hough  area 
in  Cleveland  where  we  have  a  lot  of  abandoned  buildings;  many  of  them  are  masonry. 
There's  been  some  talk  going  on  with  the  city  regarding  the  possibility  of  some 
kinds  of  tests  on  them.     The  testing  of  the  actual  buildings  that  I  referred  to 
is  not  only  for  dynamic  but  also  for  static  distribution  of  stresses.     We  do  have 
a  building  in  Wheeling,   West  Virginia,  that's  been  instrumented  right  now  to  determine 
what  happens  with  composite  walls;  what  happens  with  the  loads  coming  at  one  point 
of  a  wall;  and  how  the  stress  is  distributed  through  the  wall.     We  hope  to  have  some 
results  on  that  within  a  year's  time. 

Hegemier  : 

Dick,   [Gensert]    I  don't  want  to  press  this  point  to  oblivion  here  but,  I 
guess  the  thing  that  concerns  me  is  that   I  believe  with  enough  effort  one  can 
conduct  a  test  on  either  a  semi-full-scale  building  or  a  full-scale  building. 
You  evidently  have  a  building  in  mind — a  certain  structural  type.     But,  what  do 
you  conclude,  then,  about  another  building  where  the  structural  design  is  quite 
different?       Once  you've  conducted  the  test  in  the  manner  in  which  you  want  to 
conduct  the  test,  do  you  think  that  you  can  say  something  about  other  buildings? 
In  other  words,  you're  working  from  the  top  down,   in  essence,  here. 

Gensert : 

Well,   I  think  our  particular  interest  is  not  a  fully  reinforced  building  like 
you  experience  on  the  West  Coast.     What  we're  looking  for  is  one  that's  partially 
reinforced  which  would  be  typical  of,  say,  the  Midwest  and  the  East  Coast  and  many 
parts  of  the  South.     The  type  of  building  we're  talking  about  has  minimal  reinforcing 
and  probably  has  a  lot  more  slippage  between  floor  slab  and  wall  than  the  kind  you 
would  have;   so  it's  not  a  tightly  bound  reinforced  structure;  it's  one  that  has 
many  loose  parts  and  one  that  we're  rather  concerned  about  just  as  our  code  man  in 
Detroit  is . 
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Clough,  University  of  California,  Berkeley: 

I'd  like  to  respond  to  Gill   [Hegemier]    rather  than  to  Dick  [Gensert]  because 
we've  had  several  years  of  experience  with  rotating  mass  shakers  at  Berkeley, 
testing  many  kinds  of  structures.     The  rotating  mass  shaker  is  an  extremely  good 
tool   for  studying  the  elastic  performance  of  structures  and  the  problems  of 
instrumentation  that  you  mentioned  are  not  particularly  severe.     I  don't  think 
that  the  GAL  TECH  experience  in  the  Millikan  Library  is  a  negative  one  in  any 
sense.     I  think  that's  been  an  extremely  effective  investigation  and  typical  of  what 
can  be  done  in  that  kind  of  full-scale  experiment.     The  value  of  these  experiments 
is  in  proving  or  disproving  the  validity  of  the  mathematical  model  that  one  would 
choose  to  represent  that  system  in  calculation  of  any  kind  of  structure.     If  you 
can  mathematically  model  Millikan  Library,  you  should  be  able  to  mathematically 
model  reinforced  concrete  shear  wall  structures  of  different  configurations.  The 
real  difficulty  in  field  measurement  is,  as  Ron  [Mayes]   was  implying,  when  you  get 
beyond  the  elastic  limit  level  and  the  difficulty  with  the  portable  equipment  is 
that  there's  simply  not  enough  power  in  it.     As  soon  as  you  begin  causing  damage, 
the  power  requirements  are  fantastically  large.     In  the  elastic  range  you  can 
develop  forces  which  are  quite  severe;   you  can  produce  large  deflections;  no 
problems  develop  in  the  testing  until  something  begins  to  go  wrong.     But  as  soon 
as  you  begin  to  break  down  the  structure,  the  energy  demand  exceeds  the  capacity 
of  the  equipment  and  you  simply  can't  even  damage  very,  very  small  buildings.  We 
made  tests  on  single-story  wooden  school  buildings  in  California;  can't  produce  any 
damage  even  though,  in  principle,  the  forces  that  are  developed  are  large  enough. 
You  simply  can't  produce  the  energy  input  which  is  required  to  cause  any  significant 
measurable  damage.     I  think  if  you  are  only  interested  in  the  elastic  range  of 
performance,  full-scale   field  measurements  are  very,  very  valuable.     But  to  do 
the  damage  type  testing,  as  Ron  [Mayes]    indicated,  they've  developed  much  more 
powerful  equipment  and  I'm  still  rather  skeptical  about  the  amount  of  damage  that 
they're  going  to  be  able  to  develop  in  the  tests  that  they're  going  to  start  this 
week . 
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Genser t : 

I  have  one  comment.     That  is  exactly  what  we  are  looking  for — the  elastic  behavior. 
We'd  also,  then,   like  to  compare  it  with  the  micro-testing  that's  been  conducted  by 
these  little  portable  machines  that  measure  ambient  motions  that  go  through  the 
structure  to  see  whether  that  technique  has  any  validity  to  it. 

Mayes : 

I'd  like  to  make  one  comment  about  testing  in  general  with  respect  to 
seismic  behavior  and   I  think  we  have  to  keep  this  in  mind  throughout.  We're 
talking  about   seismic  loads;  and  seismic  loading  is  a  cyclic  type  of  loading.  We 
have  to  be  very  careful  when  we  look  at  static  results  or  blast  loadings  on  a  wall 
and  try  to  interpret  that  data  with  respect  to  a  seismic  load  because  a  seismic 
load  is  an  alternating  load  and  the   failure  mechanisms  and  the  behavior  are  quite 
different  from  an  uniaxial  or  a  monotonic  type  loading.     So,  throughout  our  discussions, 
as  we  move  into  the  Working  Groups,  when  you're  looking  at  these  data  you  just  have 
to  be  very  careful  as  you  interpret  this  with  respect  to  seismic  type  loadings.  I 
think  in  all  of  our  recommendations  for  future  research  we  must  be  looking  at  cyclic 
type  loadings.     I  think  that   for  a  uniform  test  that  we  might  want  to  use  to  determine 
shear  strength,  we  could  be  looking  at  a  monotonic  type  test  such  as  a  Blume  test  for 
determining  the  ultimate  strength;  but   for  determining  the  actual  behavior  of 
masonry  components  for  seismic  loadings,  it  has  to  be  cyclic.     This  is  not  being  made 
clear,  and  I'd  just  like  to  make  that  point  clear  before  we  move  on. 

Que  St  ioner : 

Dick,   I  wonder  if  you'd  comment  in  terras  of  any  of  the  buildings  that  you  have 
designed  in  Seismic  Zones  that  are  rated  2  or  higher,  or  whether,  at  any  point,  there 
is  a  coming  together  of  considerations  for  progressive  collapse  and  seismic  loading 
where  the  reinforcing  requirements   for  one  would  drop  off  and  the  other  would 
begin  to  control.     I'm  concerned  about  Ron  Mayes'    question,  because  he  makes  it  sound 
as  if  there  is  no  connection,  but   I  have  a  gut   feeling  from  the  way  we  would  want  to 
go  about  our  design,  that  there  is  indeed  a  connection  between  the  two. 
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Gensert : 

Well,  not  having  experience  in  progressive  collapse   I'm  not  sure  that   I  can  offer 
much  of  an  answer.     In  the  type  of  static  seismic  analysis  that  we  go  through  and  the 
ductility  requirements  that  we're  looking  for  (that's  our  concern  more  so  than 
seismic)  we  end  up  with  reinforcing  steel  at  the  end  of  each  wall;   and  because 
we  want  to  tie  walls  together,  we  also  have  reinforcing  steel  at  a  floor  line. 
This,  then  creates,   let's  say,  a  reinforced  masonry  frame.     Now  if  by  progressive 
collapse  you  blow  out  the  center  of  the  bearing  wall,  between  the  arching  action 
of  the  masonry  and  the  reinforcing  that  you  get  as  a  result  of  the  seismic  and 
ductility  requirements,  you  probably  get  a  structure  that  would  stand  up  against 
progressive  collapse. 

Crist,  National  Bureau  of  Standards: 

I  can  answer  with  some  things  that  I've  heard  other  consultants  say  about 
this.     I've  talked  to  consultants  in  the  UK  and  maybe  Bill  Cranston  can  help 
me  on  this.     They've  made  some  comparisons  of  Zones  2  and  3  of  the  UBC  versus 
their  progressive  collapse  criteria  and  found  that  they  could  meet  the  alternate 
path  progressive  collapse  criteria  using  the  reinforcing  requirements  in  Zones 
2  and  3.     Now  that's  a  pretty  broad-brush  statement  but  it  was  one  of  their  rules  of 
thumb  in  one  of  the  consulting  offices.     Bill  [Cranston],  have  you  heard  any 
reflections  on  that  sort  of  thing? 

Cranston,  British  Cement  and  Concrete  Association: 

Well,   I  have  in  my  brief  case  the  latest  draft  of  the  masonry  code.     What's  going 
to  happen  to  it  when  it  goes   to  the  committee  on  October  4th,   I  don't  know,  but  I've 
got  a  few  nasty  question  marks  for  my  input.     The  key  thing  that's  gone  in  is  just 
a  basic  statement  for  buildings  up  to  four  stories:     that  you  should,   in  fact,  build 
them  robustly  and  you  should  have  regard  to  the  planned  form  (which  is,   as  somebody 
was  saying,   that  if  you  just  architecture  it  properly,   for  the  same  money,  you'll 
get  a  decent  building).     It  still  has  to  be  designed  for  1  1/2%  G.     We  haven't  any 
earthquakes  at  all,  but  we've   said  that  it  has  to  be  designed  for  1  1/2%  G.  That, 

I  think,  seems  to  be  getting  up  towards  between  Zones  1  and  2  according  to  the  rough 
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counts  I've   done.     I  don't  know  whether  I'm  right  yet.     Now,  when  you  go  over 

five  stories,  we're  talking  of  putting  tie  forces  in.     Now,   I  can't  say  whether  these 

tie  forces  would  be,    in  any  way,   the  same  ball  park  figures   for  Zones  2  and  3.  I 

think  they  probably  are  not.     The  ties  go  into  very  specific  places,   along  the  floors, 

certainly  tying  the  floors   together  which  means  you  can  only  lose  a  certain  part 

of  the  building  anyway. 

Fintel: 

Our  initial  looking  into  progressive  collapse  requirements  showed  that  whatever 
is  reinforced  for  Zones  2  and  3  is  obviously  sufficient  for  progressive  collapse. 
However,   the  other  way  around,    if  it's  only  moderately  reinforced  for  progressive 
collapse,   it  would  not  be  sufficient  for  Zones  2  and  3  earthquakes. 

Webb,  Department  of  Health,  Education,  and  Welfare: 

I  would  like  to  make  a  statement  rather  than  ask  a  question.     We  have  a  concern 
regarding  hospital  construction  and  the  dual  earthquake  problem  -  the  maximum  probable 
event  that  might  occur  once  within  a  certain  life  period  (say  forty  or  fifty  years) 
versus  the  maximum  credible  event  or  event  that  might  occur  in  say  a  100  year  interval. 

We  would  like  for  the  structure  to  remain  within  the  elastic  range  of  response 

for  the  probable  event;  however,  under  the  credible  event  the  structure  may  deform 

to  the  point  of  strain  hardening  but,  hopefully,  not  to  collapse  with  consequential  loss 

of  life.     Now,  with  regard  to  research,  when  it  comes  to  the  practicing  AEs ,  they 

often  say  "We  cannot  compute  the  stiffness  of  the  structure   for  there  are  too  many 

factors  involved.     Therefore,  what's  the  use  of  going  through  a  lot  of  computations 

to  determine  strain  or  displacement  ranges  if  we  cannot  take  into  account  the  effect  of 

stairwells,  exterior  cladding,  etc.,   that  contribute  to  the  stiffness  or  degree  of 

displacement?     When  it  come  to  shear  walls,  there  are  six  to  ten  different  analytic 

methods  in  use  and  there  is  indeed  a  wide  gap  in  comparison  of  the  answers  one  gets  by 

use  of  the  different  methods."     Therefore,  with  regard  to  prototype  testing  within  the 

range  of  elastic  response,   I  feel  that  for  important  structures  there  may  be 

much  information  to  be  obtained.     I  would  hate  to  see  the  potential   for  obtaining 

information  through  prototype  testing  be  killed  by  a  group  such  as  we  are,  here  today. 
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2.  RECOMMENDATIONS  OF  WORKSHOP 

The  recommendations  contained  herein  represent  the  consensus  of  the  participants  in  the 
Workshop  but  do  not  constitute  an  individual  endorsement  by  any  participant  or  his 
organization.    Membership  in  the  Working  Groups  was  by  prioritized  preferences  indicated 
by  the  invitees  before  the  Workshop.     Each  group  was  presented  with  a  work  statement  to 
serve  as  a  basis  in  formulating  its  critical  review  of  current  research  and  recommendations 
for  future  studies.    The  groups  were  also  requested  to  provide  assessments  of  the  state- 
of-the-art  of  designing  earthquake  resistant  masonry  buildings  and  of  user  (building 
designer)  needs.  097 


1.     Code  Requirements 


Work  Statement  -  From  an  assessment  of  codes  and  standards  for  deficiencies  in  requirements 
for  earthquake  resistant  masonry  construction,  recommend  needed  research  to  alleviate  these 
deficiencies.     In  addition,   this  committee  should  recommend  revision  of  codes  and  standards 
which  they  feel  would  foster  improvement.     Another  element  of  this   group's  output 
should  be  the  assessment  of  how  the  results  of  research  should  be  incorporated  into  codes 
and  standards  and  recommendations  for  improving     the  process. 

Committee: 

Culver,  C,  Chairman  Stoppelman,  L. 

Meehan  J.,  Co-Chairman  Tyrell,  J. 

Hildebrandt,  R.  Wakefield,  D. 

Lederer,  C.  Werner,  M. 
Mayes,  R. 

1.1  A  COMMON  BASIS  SHOULD  BE  ESTABLISHED  FOR  EVALUATING  THE  NATURE  AND  MAGNITUDE  OF  RISK 
ASSOCIATED  WITH  EARTHQUAKES  THROUGHOUT  THE  U.S.  AND  ARTICULATED  IN  A  FORM  SUITABLE  FOR 
GUIDANCE  IN  REACHING  POLICY  DECISIONS.  AN  EARTHQUAKE  ZONE  MAP  SHOULD  BE  MADE  EASILY 
UNDERSTOOD,  WITH  THE  RISKS  EXPLAINED. 

Model  codes,  political  jurisdictions,  and  federal  agencies  do  not  agree  on  the  earthquake 
loading  to  be  used  in  many  locations.     Thus,  public  acceptance  is  lacking  and  formulation  of 
effective  policy  for  design  of  new  facilities  or  evaluation  of  existing  buildings  is  diffi- 
cult.    The  basis  for  earthquake  loading  must  be  clearly  stated  and  supporting  data 
documented.     Earthquake  risk  should  be  stated  in  a  way  that  makes  it  understandable  to  the 
public,   to  building  officials  and  to  professional  designers.     The  objective  of  this  evalu- 
ation is  development  of  a  seismic  risk  map  that  will  be  widely  understood  and  accepted. 

1.2  THE  BASIS  OF  MODEL  CODE  REQUIREMENTS  FOR  THE  SEISMIC  DESIGN  OF  MASONRY  SHOULD  BE 
REVIEWED  TO  IDENTIFY  THOSE  AREAS  REQUIRING  ADDITIONAL  RESEARCH. 
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Existing  design  requirements  for  masonry  which  are  empirical  standards  based  on  judge- 
ments of  actual  performance  of  structures  have  evolved  from  rules  of  accepted  practice  and 
limited  analytical  or  experimental  data.     In  many  cases,   the  basis  for  these  requirements 
is  unclear  or  appears  arbitrary  and  their  applicability  to  current  construction  practices 
has  been  questioned.     Requirements  for  the  minimum  amount    of  reinforcing  steel,  height-to- 
thickness  limitations  and  minimum  wall  thickness  are  examples.     Evaluation  of  the  rationale 
used  in  developing  these  requirements  will  identify  those  areas  for  which  additional  research 
is  required  to  establish  rational  consistent  code  provisions.     Existing  buildings  that  have 
withstood  seismic  action  should  be  investigated  to  determine  the  factors  which  contributed 
to  their  successful  structural  resistive  capacities. 

1.3  EARTHQUAKE  RESISTANT  DESIGN  PRACTICES  AND  CONSTRUCTION  REQUIREMENTS  FOR  MASONRY  SHOULD 
BE  CLEARLY  ESTABLISHED  FOR  EACH  EARTHQUAKE  ZONE  ESTABLISHED  IN  THE  CODES. 

Currently  the  arbitrary  minimum  design  and  construction  details  do  not  sufficiently 
recognize  the  variability  of  the  relative  hazards  between  the  different  seismic  zones.  Such 
minimum  requirements  for  each  zone  should  be  clearly  recognized  and  established  in  the  code. 

1.4  INVESTIGATE,   IDENTIFY  AND  DOCUMENT  SPECIFIC  CHARACTERISTICS  OF  MASONRY  CONSTRUCTION  WHICH 
HAVE  DEMONSTRATED  A  NEED  FOR  IMPROVEMENT  AND/OR  CLARIFICATION  IN  ORDER  TO  BE  MORE  ACCEPTABLE 
FOR  USE  IN  LATERAL  FORCE  RESISTANCE. 

The  feeling  exists,  among  designers  and  code  officials,   that  not  enough  is  known  about 
unit  masonry  to  generate  greater  confidence  in  its  use  in  resisting  seismic  or  other  lateral 
forces.     This  study  is  needed  to  determine  if  such  feeling  is  founded  upon  reality  or  simply 
intuition,  and  in  turn,   to  verify  any  real  need  for  specific  research  and  code  revision. 

1.5  ACKNOWLEDGE  PRACTICAL  ALTERNATIVES  TO  MEETING  NEW  CONSTRUCTION  REQUIREMENTS  FOR  SEISMIC- 
RESISTANT  MASONRY  CONSTRUCTION  IN  THE  EVENT  OF  INCLUSION  OF  "RETROFIT"  REQUIREMENTS  IN 
BUILDING  CODES. 
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If  and  when  a  decision  is  made  to  "update"  existing  structures  to  meet  the  seismic 
requirements  of  a  later  code,  recognition  must  be  given  to  the  likely  possibility  that 
corrective  construction  cannot  follow  precisely  all  requirements  imposed  in  building  a  new 
structure.     Other  practical  means  of  meeting  "the  intent  of  the  code"  must  be  developed. 

1.6  A  MECHANISM  SHOULD  BE  ESTABLISHED  TO  TRANSLATE  RESEARCH  DATA  INTO  CODE  PROVISIONS 
OR  DESIGN  PRACTICE. 

Before  research  data  can  be  used  in  the  design  of  buildings  it  must  be  reviewed  for 
technical  acceptability,  coordinated  and  integrated  v/ith  related  information,  put  into 
suitable  form  and  publicized.     This  process  should  involve  researchers,   code  writers, 
design  professionals,  and  industry  representatives. 

1.7  IN  DEVELOPING  OR  UPDATING  DESIGN  REQUIREMENTS  CONSIDERATION  SHOULD  BE  GIVEN  TO  INSURING 
COMPATABILITY  WITH  SEISMIC  PROVISIONS. 

Design  requirements  based  on  seismic  considerations  may  not  always  be  compatible  with 
requirements  for  fire  protection,   energy,  conservation,  etc.     To  insure  consistent  relia- 
bility in  design,   compatible  requirements  must  be  established. 

1.8  DEVELOP  A  MANUAL  OF  MASONRY  INSPECTION  PROCEDURES  FOR  SEISMIC  CONSTRUCTION. 

Currently  some  codes  do  not  recognize  or  stress  the  importance  of  certain  construc- 
tion -  detail  procedures  or  techniques  required  to  achieve  the  desired  end  result  in  masonry 
construction.     Codes,   standards,   circulars,  directives  or  other  comparable  vehicles  should 
be  re-evaluated  or  developed  in  order  to  establish  clearly  the  best  construction  procedures 
and  techniques  to  be  employed  for  all  forms  of  masonry  construction.     For  example,  the 
need  for  clean  concrete  construction  joints  for  adequate  bond  between  successive  grout  lifts, 
and  between  grout  and  masonry  units;   the  acceptable  size  of  the  large  aggregate  relative  to 
the  available  grout  space;  the  need  for  cleaning  the  grout  space  of  mortar  projections;  the 
moisture  content  of  the  grout;   the  consolidation  procedures  and  timing  relative  to  tempera- 
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ture  and  moisture  content  of  the  brick  or  block;  and  many  other  items  of  comparable  impor- 
tance to  achieve  competent  uncracked  wall  bonded  grout  should  be  established  and  defined. 
This  information  is  critically  needed  for  the  inspector  and  contractor. 

1.9  QUALITY  CONTROL  PROCEDURES  AND  MECHANISMS  FOR  MATERIALS  AND  ASSEMBLAGES  SHOULD  BE 
RE-EVALUATED  FOR  THEIR  ENFORCEMENT. 

It  is  felt  that  there  is  a  need  for  better  quality  control  because  present  procedures 
and  enforcement  are  inadequate. 

1.10  A  SMALL-SCALE  FIELD  TESTING  PROCEDURE  SHOULD  BE  DEVELOPED  THAT  PROPERLY  CORRELATES 
WITH  THE  COMPRESSION,  TENSION,  SHEAR  AND  BOND  STRENGTHS  OF  FULL-SCALE  BUILDING  ELEMENTS. 

The  current  practices  of  correlating  the  results  of  prism  tests  with  prototype 
shear,  bond  &  tension  strengths  are  not  valid.     Test  methods  must  be  developed  to  realistically 
evaluate  the  tension,  shear  and  bond  strengths  of  small  test  specimens.     These  small  test 
specimens  must  correlate  with  corresponding  tests  on  full  scale  building  elements.  The 
small  test  specimens  must  be  compatible  with  available  commercial  testing  laboratory 
equipment . 

1.11  THE  FEASIBILITY  OF  INCORPORATING  LIMIT  STATE  DESIGN  FOR  MASONRY  IN  CODES  SHOULD  BE 
INVESTIGATED. 

This  statement  presumes  that  limit  state  design  is  a  valid  design  approach  and  should 
be  investigated  for  possible  inclusion  in  the  codes. 


1.12    OBSERVATION  OR  SUPERVISION  OF  CONSTRUCTION  BY  THE  DESIGN  ENGINEER  SHOULD  BE  REQUIRED. 

It  is  felt  to  be  good  construction  practice  to  require  the  engineer  responsible  for 
the  design  to  visit  the  job  site  periodically  to  observe  for  himself  that  the  construction 
is  in  accordance  with  his  design. 
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1.13    ALL  FUTURE  MASONRY  CODES  AND  THEIR  CHANGES  SHOULD  BE  ACCOMPANIED  BY  WRITTEN  COMMENTARIES. 


It  is  the  responsibility  of  the  code 
and  make  them  available  to  the  people  who 
in  an  accompanying  document  so  that  users 


change  authority  to  explain,  justify  code  changes 
use  them.  Code  changes  should  be  fully  explained 
can  consider  the  validity  of  the  requirements. 


1.14  RESEARCH  DATA  IN  MANY  FACETS  OF  SEISMIC  MASONRY  DESIGN  SHOULD  BE  DEVELOPED  TO  FORMULATE 
A  MORE  CREDIBLE  APPROACH  TO  SUCH  DESIGN. 

Further  research  is  needed  on  the  following  subjects: 

1)  Reinforcement  requirements  in  masonry  shear  walls  in  terms  of  direction,  size  and 
minimum  amount  allowable. 

2)  Anchorage  requirements  and  performance  of  bolts,   connections  and  hangers.  (Allowable 
loads,  edge  and  end  distances,   spacings,  and  grout  coverage  should  be  evaluated.) 

3)  Ultimate  strengths  of  masonry  structural  assemblages  under  static  and  cyclic  loading. 

4)  Requirements  pertaining  to  height-to-thickness  ratios. 

5)  Roof  diaphragm-shear  wall  connections. 

6)  Coupling  and  spandrel  beams. 

7)  Reinforcement  bond  strengths  and  embedment  requirements. 

8)  Floor  slab-shear  wall  connections. 

9)  Proper  splicing  and  placement  of  reinforcement. 

10)  Damping  in  masonry  buildings. 

11)  Reducing  vertical  shrinkage  cracks  in  concrete  masonry  walls. 

12)  Stack  bond  masonry  performance. 

13)  Study  effects  of  vertical  acceleration  and  necessity  for  code  requirements. 

14)  The  possible  need  for  separate  code  allowable  forces  for  different  materials 
(e.g.  hollow  clay,  brick,   concrete  block,   composite  etc.) 

15)  Methods  to  eliminate  concrete  block  face  shell  bond  failures. 
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2.     Design  Criteria 


Work  Statement  -  Assimilate  and  synthesize  available  information  and  knowledge  to  make 
recommendations  for  needed  research  to  develop  advanced  design  criteria;  for  instance, 
limit  state  design  criteria. 

Commit  tee : 

Crist,  R.,  Chairman 
Gensert ,  R. ,  Co-Chairman 
Amrhein ,  J . , 
Cole,  E. 
Cranston,  W. 

THIS  A  LIST  OF  TOPICS  REQUIRED  BY  THE  DESIGN  ENGINEER  TO  ACHIEVE  EARTHQUAKE  RESISTANCE 
OF  MASONRY  STRUCTURES.     CONSIDERATION  SHOULD  BE  GIVEN  TO  SIMPLICITY  OF  APPLICATION.  SOME 
ITEMS  MAY  REQUIRE  RESEARCH,  AFTER  WHICH  DESIGN  PROCEDURES  CAN  BE  ESTABLISHED.     THESE  CRITERIA 
SHOULD  ADDRESS  THEMSELVES  TO  RISK  AND  SERVICEABILITY  WITH  THE  ASSURANCE  OF  REDUNDANCY 
THROUGH  THE  INCORPORATION  OF  BACK-UP  SYSTEMS. 

Designer's  Viewpoint 

2.1  Loads  restricted  to  seismic 

Select  load  criteria  through  following  steps: 

1.  Static 

2.  Spectrum  including  risk 

3.  Time  history 

4.  Influence  of  variability  of  structures,  materials,  and  workmanship  in 

design  criteria 

2.2  Masonry  structural  systems 

1 .  Shear  walls 

2.  Connections 

3.  Veneers 


Fintel,  M. 
Hegemier,  G. 
Self,  M. 
Webb,  R. 
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4.  Partitions 

5.  Curtain  walls 

2.3  Structural  response 

2.4  Proportioning  of  elements 

2.5  Iteration 

2.6  Detailing 

*********************** 
2.2.1    Shear  Walls,  Piers,  Beams 

Consideration  for  in-plane  and  out-of-plane  forces 

a.  Strength:         Compression  capacity  with  various  1/d  ratios 

Flexural  capacity  in  cyclic  loading  in  presence  of  variable 
vertical  loads 

Shear  capacity  in  cyclic  loading  in  presence  of  variable 
vertical  loads 

b.  Stiffness;      Initial  elastic  flexural  and  shear  stiffness  due  to  monotonic 

and  to  dynamic  loads   (cyclic  loading) 
Post-yielding  inelastic  flexural  shear  stiffness  due  to 

dynamic  loads   (cyclic  loading) 
Configuration  or  geometry  of  walls  and  proportions  including 

coupling  of  walls 
Properties  of  constituents 
Masonry  units 

Reinforcement  (both  quantity  and  placement) 

Grout 

Mortar 

Diaphragm  connection  stiffness 
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c.  Ductility:      Loading  or  path  dependence 

Load-deflection  defining  structural  response 
Application  relative  to  seismic  intensity 
Ductility  demands  are  localized 
Time-rate  effects 

Determination  of  minimum  and  maximum  reinforcement  ratios 
with  respect  to  force  levels 

d.  Damping:  Constituents 

Geometry  or  shape 

Reinforcement  patterns 

Low,  medium  and  high  amplitudes 

e.  Performance  of  unreinforced  masonry  for  low  seismic  risk  areas 

2.2.2     Connections  of  Horizontal  and  Vertical  Elements  (Designer) 

a.  Walls  and  diaphragms 

b .  Flanged  walls 

c.  Abutting  walls 

2.2.2.1  Consideration  of  stress 

a.  Shear  transfer 

b .  Vertical  load  transfer 

c .  Moment  transfer 

d.  Ductility 

2.2.2.2  Connections  of  appurtenances 

a .  Veneers 

b.  Partitions 

c .  Curtain  walls 

d.  Parapets 
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2.2.2.3 


Consideration  of  details 


a 


Bolts 


b 


Laps 


c 


Keyways 


d 


Dowels 


e 


Anchorages 


f 


Isolation  requirements 


*********************** 
2.7  Definitions 

1.  Working  stress  design  - 

Design  analysis  based  on  elastic  behavior,  and  proportioning  at  different  stress 
levels 

2.  Ultimate  strength  design  - 
Design  analysis  based  on  strength 

3.  Limit  design  - 

Redistribution  of  stress  at  point  of  yielding  of  materials 

4.  Limit  state  design  - 

Design  for  performance  by  setting  different  load  limits  to  establish  areas  for 
safety  and  serviceability  of  structure 

5.  Ductility  - 

Relationship  of  elastic  deformation  relative  to  inelastic  deformation 

6 .  Damping  - 

As  related  to  velocities  and  displacements 
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3.     Mathematical  Models 


Work  Statement  -  Based  on  the  assessment  of  current  and  past  masonry  research,  recommend 
needed  research  to  develop  analytical  procedure,  models  and  techniques  to  design  simple 
elements  and  whole  buildings.     Also  provide  recommendations  on  the  use  of  mathematical 
models  as  a  research  tool.     Identify  research  needed  to  create  simplified  analytical  models 
that  designers  can  use  without  the  aid  of  computers  . 

Committee: 

Leyendecker,  E.,  Chairman 
Agbabian,  M. ,  Co-Chairman 
Brown,  R. 

3.1  OBJECTIVE 

PREDICT  STRUCTURAL  RESPONSE  DUE  TO  A  GIVEN  EARTHQUAKE  INPUT  WHICH  CAN  BE  USED  TO 
DETERMINE  LEVELS  OF  DAMAGE  IN  CRITICAL  PORTIONS  OF  A  MASONRY  STRUCTURE. 

3 . 2  APPROACH 

DEVELOP  A  MATHEMATICAL  MODEL  (AS  DESCRIBED  BELOW) .     THE  MODEL  WILL  SERVE  AS  THE  BASIS 
FOR  PREDICTING  RESPONSE  AND  IN  IDENTIFICATION  OF  NEEDED  RESEARCH  INCLUDING  NECESSARY 
EXPERIMENTAL  PROGRAMS.     THE  MATHEMATICAL  MODEL  WILL  SERVE  THREE  PURPOSES: 

1)  A  research  tool  for  understanding  structural  behavior 

2)  A  design  verification  tool 

3)  A  basis  for  developing  simple  models  that  may  be  used  by  designers 

Both  short  term  and  long  term  objectives  can  be  identified: 

Short  term  -  Develop  a  3-dimensional  nonlinear  mathematical  model  to  meet  the  above 
3  purposes  incorporating  nonlinear  (hysteretic)  behavior  and  using  a  deterministic 
approach. 

Long  term  -  Develop  a  mathematical  model  for  design  optimization  using  a  probabilistic 
approach  based  on  experimental  data. 


Isenberg,  J. 
Clough,  R. 
Krishnamoorthy ,  G. 
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3.3    MATHEMATICAL  MODEL  -  Steps  in  accomplishing  the  goal. 

The  mathematical  model  is  intended  to  simulate  the  earthquake  response  behavior  of  a 
real  masonry  building.     Just  as  the  actual  structure  is  constructed  by  assembling  masonry 
units,  mortar  and  reinforcing  bars,   the  mathematical  model  is  formulated  by  assembling 
mathematical  descriptions  of  the  behavior  of  individual  structural  elements  starting  from 
the  smallest  units  and  building  into  successively  larger  substructures.     The  several  stages 
of  the  assembly  process  which  are  considered  appropriate  in  formulating  the  masonry  building 
analysis  program  are  shown  on  the  diagram  in  Figure  1. 

Macro  elements  are  viewed  as  the  basic  unit  of  the  mathematical  model.     The  properties 
of  these  units  are  detailed  in  terms  of  multiaxial  stress  strain  relations  obtained  from 
experiments  in  which  strains  are  approximatley  uniform  and  homogeneous  in  the  specimens. 
The  method  of  formulating  these  constitutive  equations  is  yet  to  be  determined.  However, 
the  scheme  selected  should  afford  mathematical  guarantees  of  uniqueness,   continuity  and 
stability.     Elastic,  non-ideally  plastic  and  endochronic  models  meet  these  requirements. 
The  ability  to  represent  hysteresis  during  cyclic  loading  is  essential. 

The  objective  of  studying  masonry  components  at  the  micro  level   (block,   grout,  rebar, 
mortar)  which  is  also  shown  in  the  diagram  is  to  understand  stress/strain  properties  of  the 
constituent  materials. 

It  is  not  expected  that  this  information  will  be  used  in  constructing  properties  at 
more  complex  structural  levels.     Instead,  we  recommend  some  simple  studies  of  these  materials 
as  an  aid  to  basic  understanding  of  masonry  which  will  influence  needed  development  in 
indirect  ways. 

An  assemblage  of  macro  elements  is  a  structural  com.ponent.     Examples  are  shear  walls, 
piers,   spandrels,  beams,   columns,   arches  and  infills.     These  components  develop  non-uniform 
stress  and  strain  distribution  during  seismic  response  of  a  structure  due  to  their  geometry 
and  the  manner  in  which  they  are  loaded  (boundary  conditions) .     Mathematical  models  of 
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Mathematical  Model 


Brick 
Block,  Grout 
Mortar 


Brick 
Blcck,  Mortar 
£.  Rebar  Assemblies 
(Emphasis) 


Shear  walls,  Piers 
Spandrels,  Columns, 
Arches'*"  [Infills]* 
includes  the  effect  of' 
geometry  &  boundary 
conditions  , 


Assemblages  of 
Components , 
Connections,  etc, 


Includes  Foundation 
Interaction 


MICRO  MODEL 


MACRO  M.ODEL 


COJIPONENT 


SUBSTRUCTURE 


TOTAX  STRTJCTUPE 


EXPERIMENTS 
DYNAMIC  RESPONSE 


(1)  U 

0  (C 

S  to 

(U 

01  o 


0)  "^-i 
-H 


Extremely 
desirable 
route  in  order 
to  develop 
orderly 
procedure 


Immediate 
result  of 
certain 
configuration 
for  limited 
application 


%    Points  of  Entry  for  tests 

+    Lowest  priority 

*    Will  not  be  included 
in  the  masonry  program 


Note:  Connections  should  include  Beam  &  Joist  Connections  to  Walls,  Pilasters 
etc.,  such  as  in  a  one-story  industrial  or  school  building. 


Figure  1 
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structural  components  will  be  developed  using  finite  element  methods  in  which  the  stress  - 
strain  properties  from  the  "macro"  level  are  used.     The  end  result  of  component  modeling  will 
be  a  set  of  nonlinear  force  displacement  relations  at  discrete  model  points. 

Structural  components  are  assembled  into  substructures  such  as  coupled  shear  walls, 
flanged  shear  walls  etc.     Substructures  also  include  connected  components  such  as  floor 
slabs  and  shear  walls.     The  finite  element  representation  of  generalized  force-deflection 
relations  must  be  extended  to  include  the  expanded  structural  unit.     Numerical  algorithms 
for  integrating  equations  of  motion  at  the  substructure  level  may  be  developed,  depending 
on  whether  dynamic  substructuring  is  judged  to  be  an  efficient  method  of  integrating  the 
equations  of  motion  for  the  entire  structure. 

The  substructures  will  finally  be  assembled  into  a  mathematical  model  of  the  entire 
structure.     This  will  include  foundation  interaction  effects.     The  final  model  will  be 
three-dimensional,  dynamic  and  will  include  complex  material  nonlinearity .     The  equations 
of  motion  will  be  integrated  by  direct-integration  methods.     The  input  to  this  will  be 
specified  as  a  time  history  of  ground  motion  at  the  foundation  level.     Such  a  model  may 
be  used  for  design  verification  and  as  a  research  tool  for  understanding  structural  behavior. 
Its  direct  use  for  design  will  not  be  practical.     It  is  therefore  recommended  that  the  three- 
dimensional  mathematical  model  be  eventually  correlated  with  full-scale  controlled  tests  of 
buildings  and  compared  with  traditional  approximate  methods  of  design.     Correlation  with  full- 
scale  experiments  will  give  the  final  data  for  the  parameters     in  the  model  that  would 
initially  be  obtained  from  the  experiments  involving  the  macro,  component  and  substructure 
elements.     Comparison  with  traditional  approximate  methods  of  design  will  improve  design 
procedures  and  culminate  in  the  development  of  improved  simple  models  that  may  be  used  by 
designers  . 

Elements  associated  with  each  step  of  the  sequence  are: 
Micro:  Block,   grout,  mortar,  rebar 

Macro:  Block,  mortar,  etc.,  assembled  into  a  masonry  unit  that  resists  forces 

in-plane  and  out-of -plane . 
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Component:         Shear  walls,  piers,  spandrel  beams,  columns,  arches,  infills  (Note:  Infills 
are  not  included  in  this  research  program) . 

Substructure:  Assemblages  of  components  and  their  connections.     These  are  coupled  shear 

walls,   flanged  shear  walls,  floor  to  end  wall  connections,  interior  walls 
with  continuous  floor  slabs,  wall  to  wall  connections,  as  well  as:  beam 
to  column  connections,  beam/joist  connection  to  pilasters,  walls. 
Include  substructures  that  pertain  to  multistory  as  well  as  industrial 
type  structures. 

Total 

structure:        It  includes  foundation  interaction. 

Note:     Elements  include  concrete  block,  brick,  etc.,  as  used  for  structural  purposes. 

Experiments  (cyclic  and,  when  necessary,  by  dynamic  simulation)  will  provide  data  to 
develop  a  mathematical  model,  as  follows: 

1)  Obtain  properties  of  a  macro  model 

2)  Incorporate  these  properties  in  component  models  in  terras  of  finite  elements 

3)  Combine  components  into  substructures  by  including  appropriate  models  for 

component  connections 

4)  Combine  substructures  to  represent  a  total  structure 

In  each  of  the  above  steps,  mathematical  models  will  be  developed  to  describe  the 
behavior  of  the  component/substructure,  etc.,  for  the  corresponding  experimental  program. 
Interactions,  as  required,  will  lead  to  acceptable  mathematical  models. 
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4. 


Test  Standardization  and  Material  Properties 


Work  Statement  -  Assess  the  current  masonry  test  procedures  and  formulate 
recommendations  for  needed  research  for  the  development  of  tests  of  relatively 
small  specimens  to  provide  information  on  material  properties,   such  as  stiff- 
ness,  shear  strength  and  splitting  strength,  which  are  critical  in  earthquake 
resistant  design.     These  tests  fulfill  a  function  similar  to  that  of  "prism 
tests"   (ASTM  Designation  E  447  and  E  518),   and  should  also  be  capable  of: 

(1)  determining  material  properties  of  various  types  of  masonry  construction; 

(2)  indicating  effects  of  variables   (e.g.,   strength  of  units;   initial  rate  of 
absorption  of  brick  on  building  component  strength;   strength  versus  the  various 
mixes  of  mortar  and  grout);    (3)     providing  effective  construction  quality  control. 


Committee : 

Noland,   J.,  Chairman  Lybas ,  J. 

Fattal,   G. ,  Co-Chairman  Maurenbrecher ,  P, 

Gabrielsen,  B.  Redmond,  T. 


OBJECTIVE 

The  objective  of  Working  Group  4  was  to  recommend  research 
and  development  to  establish,   improve,   and  standardize  small- 
scale  tests  for  providing  information  on  masonry  properties  so 
that  masonry  structures  may  be  more  successfully  designed  and 
constructed  to  withstand  seismic  and  other  applicable  load 
environments . 


INTRODUCTION 

Tests  for  structural  materials  should  provide  the  designer 
with  information  regarding  structural  characteristics  and  should 
preferably  be  performance  oriented.     Tests  are  an  important 
element  of  the  construction  process  since  they  verify  that  the 
properties  of  the  material  actually  used  are  compatible  with 
values  used  in  design.     Material  tests  are  also  a  basic  compon- 
ent of  research. 
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However,   design,   construction,   and  research  of  masonry  are 
handicapped  because  masonry  tests  presently  used  do  not  adequate 
measure  many  important  masonry  structural  properties.  Further, 
repeatability  and  comparability  of  results  are  inhibited  because 
of  the  variability  of  procedure  and/or  specimens  permitted.  The 
scope  and  effectiveness  of  present  masonry  tests  can  be  improved 
to  provide  the  designer  and  researcher  with  more  reliable  means 
of  evaluating  masonry  properties. 


THE   STANDARD  TEST 

A  standard  test  is  always  performed  in  the  same  manner  on 
specimens  made  to  the  same  standards,   and  the  test  data  is 
recorded  and  interpreted  in  the  same  way.     General  criteria 
established  for  a  standard  test  are:      (1)    specimens  to  be  as 
small  as  practical  for  the  sake  of  economy  and  convenience, 
(2)    the  specimen  and  test  procedure  be  as  simple  as  possible; 
but  within  strict  guidelines  to  minimize  variability,    (3)  the 
results  of  standard  tests  be  correlated  to  full-scale  masonry 
behavior  for  both  design,   construction,   and  research  purposes, 
and    (4)    sufficient  specimens  be  tested  to  permit  statistical 
analyses  so  that  confidence  levels,   etc.  may  be  established. 

It  is  not  intended  that  standard  tests  preclude  the  use 
of  unique  tests  for  a  specific  purpose,   but  rather  to  provide 
a  broad,   common  base  for  general  use. 


APPROACH 

Working  Group  4  initially  identified  the  areas  of  concern 
to  the  engineer  who  is  confronted  with  the  task  of  structural 
design  of  masonry  to  resist  seismic  and  other  loads,   and  areas 
of  concern  to  the  researcher. 

The  areas  of  concern  are  listed  below.     The  topics  in 
Category  I  have  a  higher  priority  than  those  in  Category  II. 
Priorities  were  based  on  the  immediate  need  and  the  potential 
impact  on  masonry  design  and  construction. 


Category  I 

Strength 

Stiffness 

Variability 

Bond  of  Mortar  and  Grout  to  Units 
Reinforcement  Bond  and  Anchorage 
Quality  Control 

Evaluation  of  Existing  Structures 
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Category  II 

Effects  of  Cyclic  Loading  and  Loading  Rate 

on  Strength  and  Stiffness 
Movements 
Durability 

Each  of  the  foregoing  topics  was  discussed  with  respect  to 
the  current  test  procedures  and  the  need  for  improvement.  The 
outcome  of  the  discussions  is  presented  in  the  following 
summaries . 

RECOMMENDATIONS  -  GENERAL 

Research  and  development  needs  with  respect  to  standard 
material  tests  are  presented  in  the  following  sections.  The 
following  comments  apply  to  all  sections. 

A  critical  review  of  existing  or  proposed  test  methods, 
both  in  the  United  States  and  elsewhere,   is  recommended  to 
avoid  previous  unacceptable  approaches  and  to  identify  any 
promising  concepts.     RILEM^  proposed  tests  are  among  the 
methods  which  should  be  examined. 

An  emphatic  recommendation  is  that  standard  material 
tests  be  an  integral  part  of  any  test  program  to  establish  a 
common  basis  for  evaluation  and  utilization  of  results. 

Consider  the  feasibility  of  reducing  the  age  of  test 
specimens.     This  will  permit  test  programs  to  be  shorter  and 
permit  quicker  evaluation  of  masonry  under  construction. 

STRENGTH 

4.1      DEVELOP   STANDARD  METHODS   TO  EVALUATE   COMPRESSIVE,    SHEAR,  AND 
FLEXURAL  STRENGTH 

Compressive  Strength.     Present  codes  and  standards  use 
the  ultimate  compressive  strength  as  a  basis  for  other 
strength  values  as  well  as  stiffness  values.     While  future 
development  should  provide  more  direct  means  of  establishing 
stiffness  and  other  strength  values,  compressive  strength 
will  always  be  a  fundamental  quantity. 

Compressive  strength  is  currently  established  by  the 
prism  test  or  by  assumed  values  for  f^  based  upon  unit  com- 
pressive strength  and  mortar  type.     The  latter  method  is 

^  Reunion  International  des  Laboratoires  d'Essais  et  de 
Recherches  sur  les  Materiaux  et  les  Constructions. 
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meant  to  give  more  conservative  results  than  the  prism  test 

but  in  some  cases  does  not;   the  former  is  generally  recognize 

as  the  best  current  means  of  obtaining  f'   but  is  not  without 

^  m 

its  problems. 

The  standard  prism  test  should  be  improved.  Current 
procedures  can  allow  excessive  variation  in  results  between 
test  programs  conducted  by  different  groups.  Improvements 
in  prism  testing  are  recommended  because  they  are  widely 
accepted  and  results  of  a  program  could  be  quickly  and 
readily  implemented.     Research  and  development  of  a  more 
fundamental  nature  is  recommended  to  permit  more  accurate 
values  of  f^  to  be  established  based  upon  the  properties  of 
masonry  constituents.     It  would  lead  to  less  expensive  and 
more  convenient  tests  for  smaller  projects  and  to  a  more 
basic  understanding  of  masonry  behavior. 

A  research  and  development  program  for  prism  tests 
should  consider: 

(1)  Alignment  during  construction,   capping,  and 
testing . 

(2)  Simplify  capping  as  much  as  possible. 

(3)  The  influence  of  end  conditions  upon  test 
results.     This  topic  should  be  studied  in 
conjunction  with  Item   (2)   above  and  observing 
the  effect  of  end  conditions  on  the  failure 
mode . 

(4)  Size  and  slenderness  effects  with  attention 
to  the  validity  of  present  h/t  correction 
factors.     The  influence  of  the  number  of 
mortar  joints  should  be  observed  to  estab- 
lish the  minimum  number  required  in  a 
standard  specimen. 

(5)  The  effect  of  curing  method  upon  test  results 
should  be  established  to  permit  a  standard 
method  to  be  adopted  whose  correlation  with 
curing  of  full-scale  masonry  is  understood. 

(6)  Construction  of  prisms,   i.e.,   stack  bond  vs 
the  same  bond  to  be  used  on  the  job,  and 
single  wythe  vs  the  number  of  wythes  to  be 
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used.     Establish  the  correlation  between 
the  different  configurations  and  their 
correlation  to  full-scale  behavior. 
(7)     Testing  at  specimen  ages  less  than  28  days 

so  that  results  may  be  obtained  earlier  from 
both  laboratory  and  field  built  masonry. 


A  research  and  development  program  for  constituent  tests 
should  consider: 

(1)  Investigate  capping  methods   and  unit  condition  (e.g. 
oven-dried  vs  soaked)  with  respect  to  unit 
compressive  testing.     Observe  the  influence 

of  characteristics  such  as  IRA,   upon  unit 
properties.     Investigate  other  means  of 
establishing  unit  properties. 

(2)  Mortar  and  grout  tests  as  a  measure  of  their 
performance  in  masonry  built  both  in  laboratory 
and  in  field  conditions.     The  influence  of 
mortar  constituents  should  be  considered  and 
methods  of  measuring  the  various  mortar  pro- 
perties reviewed  and  improved  upon  where 
necessary . 

(3)  Prediction  of  masonry  compressive  strength 
based  on  constituent  properties. 


Shear  Strength.     Shear  strength  as  a  measure  of  diagonal 
tension  strength,   is  one  of  the  basic  design  parameters  in 
the  seismic  evaluation  of  masonry  walls  most  of  which  function 
as  shear  walls  under  lateral  loads.     Although  the  diagonal 
compression  test  of  4  foot  square  specimens  presently  pre- 
scribed by  ASTM  E-519  provides  an  effective  means  of  evaluating 
shear  strength  of  masonry  panels,   the  method  has  not  found 
wide  acceptance  primarily  because  the  specimen  size  required 
is  too  large  for  most  test  facilities.     Rather,  existing 
codes  frequently  specify  shear  strength  as  a  function  of 

the  square  root  of  f.     Recent  experimental  evidence 
^  m 

suggests  that  masonry  strength  is  related  to  its  tensile 
as  well  as  its  compressive  properties.     These  tests  have 
also  shown  the  feasibility  of  reducing  the  size  of  specimen 
currently  specified  by  ASTM  E-519  without  significantly 
altering  the  results. 
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Research  recommended  in  this  area  includes  development 
of  a  sufficient  experimental  data  base  to  permit  revision 
and  updating  of  the  present  diagonal  compression  test  in 
the  following  areas : 

(1)  Evaluation  of  smaller  test  specimens. 

(2)  Expanding  the  scope  of  the  procedure  to 
include  tests  of  composite  masonry  speci- 
mens • 

(3)  Standardization  of  specimen  size  and  of 
loading  fixtures,   capping,   loading  rates, 
etc . ;  and 

(4)  Standardized  data  interpretation. 

Modulus  of  Rupture.     The  seismic  response  of  masonry  is 
frequently  dependent  on  bond,   flexure    (in  and  out-of~plane) , 
direct  tension,   and  flexural  shear,  which  all  depend  on 
tensile  strength  properties.     The  proper  assessment  of  these 
properties  is  a  prerequisite  in  establishing  reinforcement 
requirements.     Information  is  also  needed  on  the  flexural 
behavior  of  masonry  used  for  exterior  cladding  and  for  interior 
non-bearing  partitions. 

There  are  considerable  experimental  difficulties  in  de- 
termining the  true  tensile  strength  of  masonry  by  direct 
tension  tests  because  minor  misalignments  and  stress  concen- 
trations induce  excessive  variability.     Instead,  flexural 
tests  on  small  specimens    (e.g.   as  in  the  ASTM  E-518  test)  are 
being  considered  as  a  solution.     However,   research  and  develop- 
ment are  needed  to  enhance  the  procedure ,   such  as : 

(1)  Correlation  of  flexural  test  results  from 
small  specimens  with  those  of  full-scale 
masonry  considering  size  effects  and  method 
of  loading; 

(2)  development  of  a  method  for  evaluating 
directional  variation  of  flexural  tensile 
properties  in  relation  to  bonding  patterns; 

(3)  the  use  of  flexural  testing  as  a  measure 

of  both  tensile  bond  and  shear  bond  between 
mortar  and  unit;  and 

(4)  capability  of  evaluating  composite  masonry. 
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STIFFNESS 

4.2  DEVELOP   STANDARD  METHODS   FOR  STIFFNESS  PROPERTIES 

Since  both  the  magnitude  and  distribution  of  earthquake- 
induced  forces  on  the  individual  elements  of  a  building  are 
stiffness  dependent,   stiffness  properties  of  masonry  are  im- 
portant in  the  design  of  seismic  resistant  structures.  The 
present  ASTM  E-447  procedure  for  evaluating  the  modulus  of 
elasticity  could  introduce  excessive  variability  between 
results  obtained  by  different  test  programs  because  it  is 
not  sufficiently  specific.     Additionally,  many  masonry  stand- 
ards permit  the  elastic  and  shear  modulus  to  be  determined 

using  linear  relationships  between  the  modulus  and  f'  which 

^  m 

have  been  observed  to  be  inaccurate.     Neither  of  the  foregoing 
establishes  the  elastic  modulus  in  both  orthogonal  directions. 
It  is  recommended  that: 

(1)  Current  methods  for  determining  the  elastic 
modulus  be  critically  evaluated  and  modified 
or  replaced,   to  provide  a  method  which  will 
reliably  and  consistently  permit  E  to  be  de- 
termined in  directions  both  normal  and  parallel 
to  the  bed  joints.     This  test  should  be  com- 
bined with  the  standard  compression  test,  if 
practical . 

(2)  An  effective  test  method  be  developed  for 
evaluating  shear  modulus  using  small  speci- 
mens such  as  the  square  specimen  used  for 
the  determination  of  shear  strength. 

VARIABILITY 

4.3  EVALUATE  VARIABILITY  AS    IT  AFFECTS   DESIGN  VALUES  AND  THE  NUMBER 
OF  TEST  SPECIMENS  REQUIRED 

Masonry  properties  used  in  structural  design  should  be 

associated  with  a  relatively  high  degree  of  confidence  that 

they  will  be  achieved  during  construction.     The  various  masonry 

structural  characteristics  exhibit  variability;   the  degree  of 

variability  is  usually  different  for  each  of  the  characteristics 

observed.     This  is  mainly  due  to  the  relatively  brittle  behavior 

of  masonry  and  partly  to  a  lack  of  sensitivity  in  the  test  and 

measurement  techniques. 
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In  order  for  factors  of  safety  to  be  established,  the 
variation  of  the  critical  masonry  structural  properties  must 
be  known.     Research  and  development  is  therefore  suggested  to: 

(1)  Decide  on  the  number  of  specimens  for  each 

of  the  standard  tests,   and  methods  of  statis- 
tical analysis.     Efficiency  and  economy  dic- 
tate that  the  number  be  as  small  as  possible 
consistent  with  statistical  significance. 
Due  to  the  different  variabilities,  different 
tests  will  require  different  numbers  of  speci- 
mens . 

(2)  Correlate  the  variability  of  properties  of 
small-scale  specimens  with  that  of  full-scale 
masonry.     This  is  necessary  to  establish 
scale  effects  and  will  influence  factor  of 
safety  decisions. 

BOND  OF   UNITS   TO  MORTAR  OR  GROUT 

4 . 4      DEVELOP   STANDARD  METHODS   TO  EVALUATE   BOND   BETWEEN  MORTAR/GROUT 
AND  MASONRY  UNITS 

Bond,   both  in  shear  and  tension,   between  masonry  units 

and  mortar  or  grout  is  necessary  for  composite  structural 

behavior . 

Current  procedures  for  evaluating  tension  and  shear 
bond  of  mortar  are  unsatisfactory  in  that  extraneous  factors 
are  introduced  and  the  specimen  and  test  method  do  not  appear 
to  be  sufficiently  sensitive.     No  recognized  method  is  avail- 
able to  establish  the  bond  strength  of  grout  to  masonry  units. 

Research  and  development  are  recommended,  therefore, 
leading  to  standard  methods  of  evaluating  bond  which  investigate 

(1)  the  influence  of  unit  properties,  e.g., 

IRA,   24-hour  absorption,   texture,   f ^ ,   and  moisture 
content ,  and 

(2)  the  influence  of  mortar/grout  properties,  e.g. 
cement : lime : sand rwater  content,  retentivity, 
workability,   and  compressive  strength. 

A  standard  means  for  evaluating  and  understanding  shrinkage 
of  grout  is  also  needed.     This  is  of  importance  with  respect 
to  developing  composite  behavior  in  grouted  masonry. 
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REINFORCEMENT  BOND  AND  ANCHORAGE 

4.5  IMPROVED   KNOWLEDGE   IS   REQUIRED   REGARDING  THE  NATURE  OF  BOND 
BETWEEN   REINFORCEMENT  AND  ANCHORAGE  TO  MORTAR  AND  GROUT. 

Information  regarding  the  bond  between  mortar/grout  and 
reinforcement/anchorage  is  necessary.     Currently,  much  has 
been  borrowed  from  reinforced  concrete  practice,  however, 
the  bond  properties  of  mortar  and  grout  used  for  masonry  con- 
struction may  be  different.     For  example,  development  lengths 
derived  for  reinforced  concrete  may  not  be  reliable  for  rein- 
forcement placed  in  mortar  or  grout.     The  complex  stress  dis- 
tributions in  the  region  of  hooks,  bends,  bolts,   and  inserts 
or  ties,   contribute     to  a  poor  understanding  of  the  effective- 
ness of  such  details.     This  has  been  illustrated  by  failures 
due  to  earthquakes. 

Research  and  development  are  recommended  to  obtain  de- 
sirable sizes,   types,  configuration,  placement,  etc.   of  rein- 
forcement,  anchorage,   and  connections,   and  to  develop  test 
procedures  for  evaluating  bond. 

QUALITY  CONTROL 

4.6  IMPROVE  THE  UNIAXIAL  COMPRESSIVE  TEST  OF  MORTAR  AND  GROUT 
AS  A  QUALITY  CONTROL  PROCEDURE, 

While  the  uniaxial  compressive  strength  of  a  mortar  or 
a  grout  specimen  is  not  a  measure  of  its  strength  as  a  com- 
ponent of  masonry,   it  is  a  means  of  establishing  the  relative 
strength  of  field  mixed  material  to  a  value  established  under 
controlled  conditions  for  a  given  mix. 

The  uniaxial  compressive  test  of  mortar  or  grout  speci- 
mens is  currently  fairly  general  practice  both  as  a  means  of 
classification  and  as  a  quality  control  procedure.     The  uni- 
axial compressive  test,  properly  utilized,  can  be  an  effective 
quality  control  mechanism,  however,   lack  of  reasonably 
rigorous  and  standardized  procedures,   lack  of  a  single  stand- 
ardized specimen  in  the  case  of  mortar,   and  lack  of  a  com- 
prehensive data  base  inhibits  the  use  of  the  uniaxial 
compressive  test  for  quality  control  purposes.  Indeed, 
erroneous  or  excessively  variable  results  from  tests  of  field 
made  material  and/or  erroneous  interpretation  have  caused 
unnecessary  delay  in  several  projects. 
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It  is  suggested,   therefore,   that  work  be  done  leading 
to  standardization  of  the  type  of  specimens  used,  to  prescribe 
a  simple,  but  strictly  observed  manner  in  which  both  field  and 
laboratory  specimens  are  made,   cured,   handled,   and  tested,  and 
to  establish  reasonable  acceptance  standards. 

QUALITY  CONTROL 

4.7  ESTABLISH  THE  CORRELATION  BETWEEN  COMPRESSION  TEST   RESULTS  OF 
LABORATORY-MADE   SPECIMENS  AND  FIELD-MADE  SPECIMENS. 

Currently,  many  design  values  and  moduli  are  based  upon 
f   as  determined  by  the  prism  test.     Hence,   f'   of  field-made 
prisms  is  a  significant  indicator  of  the  quality  of  masonry. 
The  usefulness  of  the  prism  test  for  both  design  and  quality 
control  purposes  would  be  enhanced  if  the  correlation  between 
results  of  tests  on  prisms  made  under  controlled  conditions 
and  those  made  in  the  field    was  known.     Results  should  in- 
clude stiffness  measurements  as  well  as  f'   since  correlation 

m 

between  f^  and  stiffness  is  poor.  Such  knowledge  would  enable 
design  values  to  be  realistically  set  and  realistic  acceptance 
standards  to  be  established  for  a  given  project. 

Work  in  this  area  should  cover  a  range  of  parameters,  e.g. 
unit  type,  mortar  type,   site  conditions,   and  type  of  structure. 

QUALITY  CONTROL 

4.8  INVESTIGATE  THE  FEASIBILITY  OF  MODULUS   OF   RUPTURE  AND  DIAGONAL 
COMPRESSION  TESTS  AS  QUALITY  CONTROL  PROCEDURES 

For  critical  structures,   structures  in  potentially  severe 
seismic  areas,   or  subject  to  other  high  loading,   a  more  direct 
control  or  measure  of  flexure  and  shear  capability  of  field- 
built  masonry  may  be  appropriate.     It  is  suggested  that 
development  of  standardized  tests  for  evaluation  of  those 
capabilities  as  discussed  elsewhere  in  this  report  be  extended 
to  provide  for  quality  control  applications.     The  same  general 
recommendations  as  for  quality  control  using  prisms  are  applic- 
able . 

QUALITY  CONTROL 

4.9  INVESTIGATE  THE  FEASIBILITY  OF   PROPORTIONING  FIELD-MIXED  MORTAR 
BY  WEIGHT  OF  INGREDIENTS. 

Researchers  have  noted  that  for  accurate  control  of  mortar 
properties,   the  relative  proportions  of  ingredients,  i.e. 
the  cement,   lime,  and  sand,  must  be  controlled  by  weight  rather 
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than  by  volume.     Some  mortar  properties  such  as  bond  have  been 
shown  to  be  fairly  sensitive  to  the  proportions  of  ingredients. 

Present  field  practice  prepares  mortar  by  volume  batching 
by  methods  that  are  often  not  precise  volume  measurements. 
Even  with  precise  volume  measurements,   differing  densities  of 
the  same  material  can  affect  mortar  properties. 

As  a  step  toward  overall  improvement  of  masonry  construc- 
tion, it  is  recommended  that  the  feasibility  of  weight  propor- 
tioning of  field-made  mortar  be  investigated  and  that  standard 
procedures  be  established. 

EVALUATION  OF  EXISTING  STRUCTURES 

4.10  DEVELOP  MEANS   FOR  STRENGTH  AND  STIFFNESS   EVALUATION  OF  EXISTING 
MASONRY  STRUCTURES. 

Cost  of  new  construction  and  the  need  for  conservation 
has  forced  increased  attention  to  retrofit  and  rehabilitation 
of  existing  masonry  buildings.     Retrofit  and  rehabilitation 
require  that  the  structural  characteristics  of  existing 
buildings  be  established  in  order  to  design  the  modifications 
required,   if  any,   to  provide  conformance  with  current  code 
requirements,   particularly  seismic. 

Research  and  development  are  needed  to  provide  means  for 
economically  and  effectively  determining  the  structural 
capacity  of  existing  masonry  buildings.     Emphasis  should  be 
placed  upon  non-destructive  methods,   but  destructive  tests  of 
small  specimens  taken  from  the  structure  should  also  be 
developed.     Procedures  developed  should: 

(1)  provide  information  on  design  parameters; 

(2)  be  relatively  inexpensive; 

(3)  be  capable  of  implementation  by  technicians;  and 

(4)  be  applied  in  a  standard  manner  with  standard 
means  of  interpretation. 

EFFECT  OF  CYCLIC  LOADING  AND  LOADING   RATE  ON   STRENGTH  AND  STIFFNESS 

4.11  INVESTIGATE  THE  EFFECT  OF  CYCLED  LOADS  AND  LOADING  RATE  ON 
STRENGTH  AND  STIFFNESS  AND   DEVELOP   SMALL-SCALE  TEST  PROCEDURES. 

Structures  in  a  seismic  environment  are  subjected  to  varying 

loads.     Masonry  structures  designed  for  such  conditions  are 

usually  reinforced  to  provide  tensile  strength  and  ductility. 

Failure  is  often  by  progressive  deterioration  of  the  masonry. 
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Rapid  loading  rates  cause  an  apparent  increase  in  strength 
and  stiffness  properties  of  many  materials  such  as  steel  and 
concrete.     A  similar  behavior  might  be  anticipated  in  masonry. 
Knowledge  of  the  effects  of  loading  rate  could  affect  design 
of  masonry  for  seismic  conditions  since,  quite  frequently, 
earthquake  motion  records  exhibit  peak  amplitudes  occurring  at 
a  high  frequency    (hence  a  high  loading  rate).     Standard  tests, 
to  evaluate  any  apparent  strength/stiffness  gain  for  various 
masonry  configurations  at  these  high  loading  rates,  would  pro- 
vide information  required  to  appropriately  truncate  the  ampli- 
tudes as  is  being  advocated  by  the  ATC  in  its  spectral  approach 
to  seismic  analysis. 

It  is  recommended  that  research  and  development  be  con- 
ducted to  provide  small-scale  tests  to  permit  cumulative  damage 
and  effective  changes  in  strength/stiffness  due  to  cycled  load 
to  be  assessed.     Some  aspects  to  consider  are: 

(1)  varying  loading  rates; 

(2)  varying  load  magnitudes; 

(3)  effect  of  load  reversal 

(4)  load  duration. 

MOVEMENTS 

4.12     IMPROVE  MEANS  OF  PREDICTING  MOVEMENTS   IN  MASONRY  STRUCTURES. 

Movements  due  to  thermal  effects,  creep,  moisture  expansion 
and  shrinkage  can  induce  significant  forces  in  masonry  which  may 
cause  cracking.     There  is  a  lack  of  easily  obtainable  informa- 
tion on  deformation  characteristics  for  the  designer.  Some 
information  has  been  developed,   but  much  remains  to  be  done  so 
that  control  measures  may  be  more  intelligently  taken  by  the 
designer . 

Research  needed  in  this  area  should  be  focused  on  the 
development  of  effective  experimental  techniques  to  evaluate 
movements   in  the  various  forms  of  masonry  due  to  temperature, 
moisture  expansion,   creep,   and  shrinkage.     Both  short-term 
and  long-term  behavior  should  be  considered  to  permit  an 
assessment  of  stress  redistribution  in  masonry  elements  and 
between  masonry  and  other  structural  elements. 
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DURABILITY 

4.13      IMPROVE  MEANS  OF  PROTECTING   REINFORCEMENT  AGAINST  CORROSION. 

Degradation  of  masonry  due  to  environmental  effects  could 
affect  its  structural  capability.  Recent  experience,  however, 
indicates  that  deterioration  of  masonry  itself,  with  the  excep 
tion  of  vintage  sand-lime  mortar,   is  not  a  serious  problem. 

Corrosion  of  reinforcement,  potentially  very  serious, 
particularly  in  seismic  areas,   is  a  topic  worthy  of  further 
study.     Research  and  development  are  recommended  leading  to 
standards  treating  required  cover  and  other  protective 
measures.     The  study  should  consider  reinforcement  material, 
method  of  placement,  mortar  and  grout  properties,  additives, 
unit  properties,   and  environmental  conditions. 
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5.     Retrofit  and  Repair* 


Work  Statement  -  Assess  current  methods  of  repairing  buildings  that  have  sustained 
earthquake  damage  and  recommend  needed  research  to  develop  new  methods  of  restoring  such 
buildings.     In  addition,  make  recommendations  for  methodology  of  evaluating  and 
retrofitting  existing  buildings. 


Committee: 

Werner,  W. ,  Chairman  Sanidas,  C. 

Yorkdale,  A.,  Co-Chairman  Scalzi,  J. 

Nadel,  E.  Sears,  P. 

Reid,  R.  Szilas,  T. 


In  order  to  assess  and  improve  on  current  methods  of  retrofitting  existing  masonry 
buildings  for  seismic  resistance  and  the  repair  of  those  that  have  sustained  earthquake 
damage,   several  functional,   scientific  and  socio-economic  areas  need  to  be  addressed.  These 
considerations  include: 


a)  Policy:  The  approach  to  the  non-conforming  building  inventory  and  the  socio- 

economic impact  of  retrofit  in  relation  to  the  risks  involved. 

b)  Education:     The  understanding  and  implementation  of  various  techniques  by  architects, 

engineers  and  building  officals. 

c)  Analysis, 
Design  & 

Evaluation:  The  methodologies  to  be  employed  in  ascertaining  seismic  characteristics 
and  the  advancement  of  the  state  of  the  art  of  evaluative  and  computa- 
tional techniques  including  knowledge  of  the  interactive  behavior  of 
structural  elements. 


*Terms  frequently  used  herein  are  defined  as  follows: 

Retrofit:  The  upgrading  of  existing  structures  for  increased  seismic  resistance. 

Repair:  The  restoration  of  structures,  or  parts  thereof,   that  have  sustained 

damage  as  a  result  of  seismic  excitation. 

Rehabilitation:     The  upgrading  of  existing  structures  to  extend  their  useful  life,  or 
change  their  occupancy,  without  regard  to  seismic  considerations. 
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d)  Standards:     The  development  of  nationally  accepted  standards  for  products  and 

procedures . 

e)  Information 

Dissemination:     The  transmittal  of  knowledge  to  all  facets  of  the  building 

industry  engaged  in  retrofit  and  repair,  in  order  to  identify  successful 
techniques,  and  learn  from  past  failures. 

(A)  POLICY 

5.1  IT  IS  REC0M>1ENDED  THAT  A  NATIONAL  POLICY  BE  ESTABLISHED  REGARDING  THE  LEVEL  OF 
UP-GRADING  NEEDED  FOR  EXISTING  BUILDINGS  IN  SEISMIC  REGIONS. 

The  largest  source  of  potential  damage  with  the  resulting  loss  of  lives  and  property 
lies  in  the  present  inventory  of  older  buildings  constructed  before  building  code  regula- 
tions were  adopted  or  new  revisions  incorporated  to  update  the  codes  to  current  technical 
knowledge.     Research  is  necessary  to  establish  information  and  a  data  base  for  decision 
makers  with  respect  to  social,  economic,  political  and  public  considerations. 

(B)  EDUCATION 

5.2  THE  ESTABLISHMENT  OF  EDUCATIONAL  PROGRAMS  FOR  PROFESSIONALS  ON  RETROFIT  FOR  INCREASED 
SEISMIC  RESISTANCE  AND  REPAIR  AFTER  SEISMIC  DAMAGE  IS  RECOMMENDED. 

The  practice  of  design  for  retrofitting  or  repairing  masonry  structures  to  seismic 
requirements  is  relatively  new.     To  extend  the  knowledge  of  the  art  to  all  parts  of  the 
nation  it  is  recommended  that  educational  programs  such  as  workshops,   seminars  and  lectures 
be  developed  for  all  professionals  in  the  field.     The  programs  should  be  structured  to 
meet  the  needs  and  experience  of  the  professional  whether  they  be  engineers,  architects 
or  code  enforcement  officials. 

Socio-economic  effects  should  be  included  in  the  program,  along  with  the  technical 
requirements,   so  that  the  professionals  may  better  advise  their  clients  and/or  their 
agencies. 
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5.3  IT  IS  RECOMMENDED  THAT  MASONRY  SEISMIC  TECHNOLOGY  PERTAINING  TO  RETROFIT  AND  REPAIR 
BE  INCLUDED  IN  ACADEMIC  CURRICULA  OF  INSTITUTIONS  OF  HIGHER  LEARNING. 

There  is  a  definite  lack  of  knowledge  on  the  technology  of  repair  and  retrofit  of 
structures.     Engineering  students  are  taught  how  to  design  new  structures.     However,  they 
are  seldom  taught  the  technology  of  retrofit  and  repair.     It  is  suggested  that  because 
retrofit  and  repair  are  extensions  of  existing  technology,   they  may  readily  be  included  as 
a  part  of  the  existing  curricula  . 

5.4  A  SPECIAL  SEISMIC  INSPECTORS  CERTIFICATION  PROGRAM  WHICH  INCLUDES  MASONRY  SHOULD  BE 
ESTABLISHED  TO  PROVIDE  A  HIGHER  LEVEL  OF  COMPETENCE  IN  THE  INSPECTION  OF  RETROFIT  AND 
REPAIR. 

(C)     ANALYSIS,   DESIGN  &  EVALUATION 

5.5  IT  IS  RECOMMENDED  THAT  EXISTING  METHODS  OF  ANALYSIS  BE  EVALUATED. 

Uniform  procedures  need  to  be  developed  for  evaluating  and 
damaged  structures  with  emphasis  on  the  development  of  advanced 
computational  techniques.  The  evaluation  of  masonry  assemblage 
and  after  seismic  activity,  needs  to  be  addressed  on  a  priority 

5.6  THE  INTERACTION  OF  MASONRY  IN-FILL  PANELS  WITH  BUILDING  FRAMES  WHEN  LOADED  BY  EARTHQUAKE 
INDUCED  FORCES  SHOULD  BE  DETERMINED. 

Masonry  in-fill  walls  are  not  generally  considered  as  structural  elements  and  their 
presence  is  usually  ignored  in  structural  analysis.  Recent  evidence  (experimental,  as 
well  as  that  derived  from  post-earthquake  observations)  indicates  significant  effects  on 
the  behavior  of  structural  frames  by  masonry  in-fills.  In-fill  walls  should  be  examined 
with  respect  to  their  effect  on  structural  performance,  and  general  guidelines  should  be 
developed  for  evaluations  of  the  effect  of  the  interaction  of  masonry  in-fill  with 
structural  frames. 
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(D)  STANDARDS 

5.7  IT  IS  RECOMMENDED  THAT  RESEARCH  BE  CONDUCTED  TO  ESTABLISH  STANDARDIZED  DESTRUCTIVE  AND 
NON-DESTRUCTIVE  TEST  METHODS  AND  PROCEDURES  TO  DETERMINE  THE  PHYSICAL  PROPERTIES  OF 
IN-PLACE  MASONRY. 

5.8  CODE  WRITING  BODIES  SHOULD  BE  ENCOURAGED  TO  DEVELOP  AND  PROMULGATE  CODE  PROVISIONS  FOR 
RETROFIT  AND  REPAIR  OF  STRUCTURES  FOUND  TO  BE  NOT  IN  COMPLIANCE  WITH  EXISTING  SEISMIC 
REQUIREMENTS . 

(E)  INFORMATION  DISSEMINATION 

5.9  IT  IS  RECOMMENDED  THAT  PROCEDURES  BE  DEVELOPED  TO  DOCUMENT,  EVALUATE  THE  EFFECTIVENESS 
OF,  AND  DISSEMINATE  METHODS  USED  TO  STRENGTHEN  BUILDINGS. 

Although  extensive  work  has  been  done  in  this  area,   there  has  been  little  interchange 
of  information.     Need  exists  for  wide  dissemination  of  methods  used  (unsuccessful  as  well  as 
successful)   to  avoid  repetitive  and  redundant  research,   to  make  successful  methods  available, 
and  to  avoid  excessive  cost  and  inadequate  strengthening. 

5.10  A  LIBRARY  OF  LITERATURE,  REPORTS  AND  PAPERS  ON  RETROFIT  AND  REPAIR  SHOULD  BE 
MAINTAINED  BY  AN  APPROPRIATE  ORGANIZATION. 

5.11  IT  IS  RECOMMENDED  THAT  A  CENTRAL  ORGANIZATION  BE  IDENTIFIED  AS  THE  ENTITY  THAT  WILL 
HAVE  THE  RESPONSIBILITY  TO  CERTIFY  PRODUCTS  USED  FOR  RETROFIT  AND  REPAIR. 

The  certifications  can  be  based  on  tests  performed  by  the  organization  in-house 
or  performed  by  others.     The  need,  however,  is   to  have  one  central  source  for  the 
certification  of   the  product,  and  the  encouragement  of  new  product  development. 

5.12  THERE  SHOULD  BE  DEVELOPED  A  MANUAL  FOR  THE  INSPECTION  OF  BUILDINGS  TO  DETERMINE  NEEDED 
RETROFIT  AND  REPAIR  FOR  USE  BY  CODE  ENFORCEMENT  OFFICIALS. 

The  manual  should  include  the  inspection  procedures  used  for  the  retrofitting  of  the 

existing  structure  along  with  the  inspection  procedures  to  be  used  during  the  repair  process. 
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NBS  TECHNICAL  PUBLICATIONS 


PERIODICALS 

JOURNAL  OF  RESEARCH— The  Journal  of  Research 
of  the  National  Bureau  of  Standards  reports  NBS  research 
and  development  in  those  disciplines  of  the  physical  and 
engineering  sciences  in  which  the  Bureau  is  active.  These 
include  physics,  chemistry,  engineering,  mathematics,  and 
computer  sciences.  Papers  cover  a  broad  range  of  subjects, 
with  major  emphasis  on  measurement  methodology,  and 
the  basic  technology  underlying  standardization.  Also  in- 
cluded from  time  to  time  are  survey  articles  on  topics  closely 
related  to  the  Bureau's  technical  and  scientific  programs.  As 
a  special  service  to  subscribers  each  issue  contains  complete 
citations  to  all  recent  NBS  publications  in  NBS  and  non- 
NBS  media.  Issued  six  times  a  year.  Annual  subscription: 
domestic  $17.00;  foreign  $21.25.  Single  copy,  $3.00  domestic; 
$3.75  foreign. 

Note:  The  Journal  was  formerly  published  in  two  sections: 
Section  A  "Physics  and  Chemistry"  and  Section  B  "Mathe- 
matical Sciences." 

DIMENSIONS/ NBS  (formerly  Technical  News  Bulletin)— 

This  monthly  magazine  is  published  to  inform  scientists, 
engineers,  businessmen,  industry,  teachers,  students,  and 
consumers  of  the  latest  advances  in  science  and  technology, 
with  primary  emphasis  on  the  work  at  NBS.  The  magazine 
highlights  and  reviews  such  issues  as  energy  research,  fire 
protection,  building  technology,  metric  conversion,  pollution 
abatement,  health  and  safety,  and  consumer  product  per- 
formance. In  addition,  it  reports  the  results  of  Bureau  pro- 
grams in  measurement  standards  and  techniques,  properties 
of  matter  and  materials,  engineering  standards  and  services, 
instrumentation,  and  automatic  data  processing. 

Annual  subscription:  Domestic,  $12.50;  Foreign  $15.65. 

NONPERIODICALS 

Monographs — Major  contributions  to  the  technical  liter- 
ature on  various  subjects  related  to  the  Bureau's  scientific 
and  technical  activities. 

Handbooks — Recommended  codes  of  engineering  and  indus- 
trial practice  (including  safety  codes)  developed^  in  coopera- 
tion with  interested  industries,  professional  organizations, 
and  regulatory  bodies. 

Special  Publications — Include  proceedings  of  conferences 
sponsored  by  NBS,  NBS  annual  reports,  and  other  special 
publications  appropriate  to  this  grouping  such  as  wall  charts, 
pocket  cards,  and  bibliographies. 

Applied  Mathematics  Series — Mathematical  tables,  man- 
uals, and  studies  of  special  interest  to  physicists,  engineers, 
chemists,  biologists,  mathematicians,  computer  programmers, 
and  others  engaged  in  scientific  and  technical  work. 
National  Standard  Reference  Data  Series — Provides  quanti- 
tative data  on  the  physical  and  chemical  properties  of 
materials,  compiled  from  the  world's  literature  and  critically 
evaluated.  Developed  under  a  world-wide  program  co- 
ordinated by  NBS.  Program  under  authority  of  National 
Standard  Data  Act  (Public  Law  90-396). 


NOTE:  At  present  the  principal  publication  outlet  for  these 
data  is  the  Journal  of  Physical  and  Chemical  Reference 
Data  (JPC'RD)  published  quarterly  for  NBS  by  the  Ameri- 
can Chemical  Society  (ACS)  and  the  American  Institute  of 
Physics  (AIP).  Subscriptions,  reprints,  and  supplements 
available  from  ACS,  1155  Sixteenth  St.  N.W.,  Wash.,  D.C. 
20056. 

Building  Science  Series — Disseminates  technical  information 
developed  at  the  Bureau  on  building  materials,  components, 
systems,  and  whole  structures.  The  series  presents  research 
results,  test  methods,  and  performance  criteria  related  to  the 
structural  and  environmental  functions  and  the  durability 
and  safety  characteristics  of  building  elements  and  systems. 
Technical  Notes — Studies  or  reports  which  are  complete  in 
themselves  but  restrictive  in  their  treatment  of  a  subject. 
Analogous  to  monographs  but  not  so  comprehensive  in 
scope  or  definitive  in  treatment  of  the  subject  area.  Often 
serve  as  a  vehicle  for  final  reports  of  work  performed  at 
NBS  under  the  sponsorship  of  other  government  agencies. 
Voluntary  Product  Standards — Developed  under  procedures 
published  by  the  Department  of  Commerce  in  Part  10, 
Title  15,  of  the  Code  of  Federal  Regulations.  The  purpose 
of  the  standards  is  to  establish  nationally  recognized  require- 
ments for  products,  and  to  provide  all  concerned  interests 
with  a  basis  for  common  understanding  of  the  characteristics 
of  the  products.  NBS  administers  this  program  as  a  supple- 
ment to  the  activities  of  the  private  sector  standardizing 
organizations. 

Consumer  Information  Series — Practical  information,  based 
on  NBS  research  and  experience,  covering  areas  of  interest 
to  the  consumer.  Easily  understandable  language  and 
illustrations  provide  useful  background  knowledge  for  shop- 
ping in  today's  technological  marketplace. 
Order  above  NBS  publications  from:  Superintendent  of 
Documents,  Government  Printing  Office,  Washington,  D.C. 
20402. 

Order  following  NBS  publications— NBSIR's  and  FIPS  from 
the  National  Technical  Information  Services,  Springfield, 
Va.  22161. 

Federal  Information  Processing  Standards  Publications 
(FIPS  PUB) — Publications  in  this  series  collectively  consti- 
tute the  Federal  Information  Processing  Standards  Register. 
Register  serves  as  the  official  source  of  information  in  the 
Federal  Government  regarding  standards  issued  by  NBS 
pursuant  to  the  Federal  Property  and  Administrative  Serv- 
ices Act  of  1949  as  amended,  Public  Law  89-306  (79  Stat. 
1127),  and  as  implemented  by  Executive  Order  11717 
(38  FR  12315,  dated  May  11,  1973)  and  Part  6  of  Title  15 
CFR  (Code  of  Federal  Regulations). 

NBS  Interagency  Reports  (NBSIR) — A  special  series  of 
interim  or  final  reports  on  work  performed  by  NBS  for 
outside  sponsors  (both  government  and  non-government). 
In  general,  initial  distribution  is  handled  by  the  sponsor; 
public  distribution  is  by  the  National  Technical  Information 
Services  (Springfield,  Va.  22161)  in  paper  copy  or  microfiche 
form. 


BIBLIOGRAPHIC  SUBSCRIPTION  SERVICES 


The  following  current-awareness  and  literature-survey  bibli- 
ographies are  issued  periodically  by  the  Bureau: 
Cryogenic  Data  Center  Current  Awareness  Service.  A  litera- 
ture survey  issued  biweekly.  Annual  subscription:  Domes- 
tic, $25.00;  Foreign,  $30.00. 
Liquified  Natural  Gas.  A  literature  survey  issued  quarterly. 
Annual  subscription:  $20.00. 


Superconducting  Devices  and  Materials.  A  literature  survey 
issued  quarterly.  Annual  subscription:  $30.00.  Send  subscrip- 
tion orders  and  remittances  for  the  preceding  bibliographic 
services  to  National  Bureau  of  Standards,  Cryogenic  Data 
Center  (275.02)  Boulder,  Colorado  80302. 
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